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ABSTRACT
High temperature steam exposure leads to rapid oxidation of Zr based cladding, which
will potentially lead to cladding failure. Our approach is to apply CrAl or Cr coatings on
Zircaloy by magnetron sputtering to improve the oxidation resistance of cladding materials.
The goal of this research is to characterize the oxidation kinetics and microstructure of CrAl
and Cr coatings on Zircaloy-2 in high temperature steam (HTS) environment, and to provide
information regarding its functionality during off-normal transient in light water reactors.
Pure Cr coating and CrAl coatings with various compositions were exposed to 700◦C
steam environment for up to 20 hours. Weight gain of coated Zircaloy was significantly
reduced by two to three orders of magnitude by the CrAl and Cr coatings. Oxidation of
Zircaloy substrate was inhibited by the 1um coatings for over 20 hour. Composition of
coatings has a significant effect on the oxide formation. CrAl coatings with over 43 at% Al
concentration developed a continuous layer of γ − Al2O3, and demonstrated lower weight
gain. CrAl coatings with below 33 at% Al concentration formed a outer Cr2O3 scale with
inner Al2O3 morphology. Pure Cr coating developed a layer of Cr2O3, and had a higher
weight gain than CrAl coatings. Oxidation kinetics was quantified on two of the coatings,
42/58 CrAl and 81/19 CrAl, which represented different oxide structure. The Al2O3 growth
on 57/43 CrAl was fitted to two different oxidation kinetics with similar confidence. The
Al2O3 growth kinetics up to 20 hours can be described by either power-law oxidation kinetics
thickness = 25 × time0.27 or direct logarithmic kinetics thickness = 26 × log(time) + 21.4
with the thickness in the unit of nanometer and time in the unit of hour. The Cr2O3 growth
on 81/19 CrAl was quantified by the parabolic kinetics as thickness = 77.6× time0.49.
Coating constituent elements diffused to the substrate and formed intermetallic phases
with the Zircaloy substrate. The amount of coating constituents for the diffusion to Zircaloy
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substrate was compared to that for the oxide formation. For Al rich coatings (42/58 CrAl
and 57/43 CrAl coatings), greater amount of Al diffused to Zircaloy substrate than to the
oxide formation. However, for Cr rich coatings (67/33 CrAl, 81/19 CrAl and Cr coatings),
greater amount of Cr diffused to oxide formation than to Zircaloy substrate. The diffusion of
coating constituents to Zircaloy substrate formed intermetallic phases, and the composition
and the thickness of the intermetallic phase layers depended on the coating composition.
Thicker layers of intermetallic phases developed on the coatings with higher Al composition.
The intermetallic phases included Fe and Ni, indicating the dissolution of second phase
particles (SPPs) during HTS exposure.
The stability of intermetallic SPPs in coated Zircaloy-2 was studied in 700◦C steam envi-
ronment. Hydrogen generated from the steam oxidation of uncoated Zr were absorbed and
formed δ-hydrides in Zircaloy matrix. Synchrotron XRD demonstrated that longer exposure
times increased hydride peak intensity and decreased intermetallic SPPs peak intensity. A
concentration of 1000 wppm hydrogen in Zircaloy was estimated using synchrotron XRD
after 20 hours exposure in 700◦C steam environment. Cross-section SEM analysis verified
the intermetallic SPPs volume fraction reduction. The volume fraction of intermetallic SPPs
was 1.7% in as-received Zircaloy, and it dropped to 1.4% after 5 hours exposure, and to 0.4%
after 20 hours exposure. The size distribution of intermetallic SPPs was characterized and
larger particles appeared to dissolve at longer exposure. A correlation between the hydrogen
concentration and the volume fraction of intermetallic SPPs at 700◦C steam environment
was found, with the volume fraction of SPPs decreasing as hydrogen concentration increases,
which could be attributed to the strain from the hydrogen uptake into Zircaloy.
Oxidation behavior of CrAl or Cr coated Zircaloy was also examined after 1100◦C steam
exposure for two hours. Coatings with higher Cr composition lead to lower weight gain of
Zircaloy. We believed that the inward diffusion of Al perturbed the ZrO2 formation, and
exacerbate the oxidation behavior. This lead to thicker ZrO2 formation.
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Nuclear power provides 11% electricity power worldwide, and more and more nations are
showing stronger interest in nuclear energy. The expanding nuclear power demand drives
more advanced and safer nuclear power production. Especially after the Fukushima Daiichi
accident in Japan, enhancing the accident tolerant of LWRs has become a serious topic
in nuclear industry. Fukushima highlights the serious potential problems associated with
the current fuel system, including fast oxidation in elevated temperature, and accelerated
hydrogen production rate, and great amount of enthalpy heat production associated with
the oxidation. This potential problems motivate the development of more reliable fuel and
cladding systems[1, 2, 3].
Fuel cladding is an active area of research. It represents the second engineering bar-
rier against the fission products release into the coolant. Therefore, the integrity of the
cladding materials are critical for nuclear safety. Zirconium-based alloys have been used
as cladding materials in light water reactors for decades due to their low neutron absorp-
tion and the excellent corrosion resistant and mechanical properties at operation condition.
Zircaloy-2 (Zry-2), in recrystallized (RXA) condition, has been used in boiling water reactors
(BWRs), and Zircaloy-4 (Zry-4), in stress-relieved anneal (SRA) condition, has been used in
pressurized water reactors (PWRs). The Russian VVER or RBMK reactor and the heavy
water-moderated CANDU reactor use Zr-Nb alloys[1]. Generally, Zircaloys are considered
having good performance in operational condition in reactor. Other advanced Zirconium-
based alloys were developed to improve the corrosion resistant and reduce hydrogen uptake.
Table 1.1 shows the major alloying components of four advanced Zr based alloys, ZIRLOTM
from Westinghourse, M5 and Duplex DX-D4 from AREVA, and E110 from Russia[4, 5], and
two commercial alloys, Zircaloy-2 and Zircaloy-4. Compared to Zircaloy-2 and Zircaloy-4,
1
Table 1.1. Compositions (weight %) of multiple advanced Zr-based alloys.
Alloy Tin Iron Chromium Nickel Niobium
Zircaloy-2 1.50 0.12 0.10 0.05 –
Zircaloy-4 1.50 0.20 0.10 – –
ZIRLOTM 1.02 0.10 – – 1.01
M5 – 0.05 0.015 – 1.0
E110 – – – – 0.95-1.05
DX-D4 0.5 0.5 0.2 – –
(a) Oxide thickness for different Zr-based
alloys[7].
(b) Hydrogen uptake for Zircaloy-4 and M5
cladding materials[6].
Figure 1.1. Oxide thickness and hydrogen uptake for Zr-based alloys in operational
conditions.
these advanced alloys significantly reduce oxidation rate and H pickup at the operational
condition. Figure 1.1 show the oxide thickness and hydrogen uptake for different Zr based
alloys as a function of burnup[6, 7]. ZIRLOTM and M5 cladding materials shows reduced ox-
ide thickness compared to Zircaloy-4, especially at high burnup[7], and M5 cladding only has
about 10% hydrogen uptake of Zircaloy-4[6]. The better performance of advanced Zr-based
alloy allows cladding to be used for higher burnup.
Although advanced Zr-based alloys show reduced oxidation kinetics and lower hydrogen
uptake at operational condition, they still have significant heat production and potentially
breakaway oxidation in the elevated temperature[5]. Advanced Zr-based alloys only have
small amount of composition modification (less than 2%) and materials processing compared
to Zircaloy-4, and this minor modification is not expected to induce over 100-fold oxidation
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Figure 1.2. Heat production of Zr oxidation and decay heat[9].
reduction[8]. The oxidation of Zr-based alloys in accident scenarios raises serious concerns,
including the fast hydrogen production from the Zr/steam reaction, rapid consumption of
the ductile metallic Zr phase, and large amount of heat production from the rapid oxidation
of Zr. A typical light water reactor contained 25-40 tonnes of Zr-based alloys. The heat
generated from the oxidation of Zr could surpass the decay heat of reactor. Figure 1.2 shows
the decay heat and the exothermic heat energy from Zr oxidation. Exothermic heat from
Zr oxidation could surpass the decay heat, and exacerbate the accident scenarios. These
phenomena threaten the integrity of the cladding, and may potential induce the cladding
failure.
Accident tolerant fuel (ATF) development as a primary part of the fuel cycle research
and development is initiated with the goal of identifying alternative fuel systems to enhance
safety of the nuclear reactors[10]. There are three major categories of ATF development[8]:
1) Adoption of a protective coating on Zr-based alloys, 2) development of non-Zr cladding,
and/or 3) application of an alternative fuel.
Coatings on Zircaloy as an alternative have been studied[11, 12, 13, 14, 15, 16, 17]. Multiple
coatings have been proposed to reducing the oxidation, which can be categorized into ceramic
coating and metallic coatings. Metallic coatings, such as Cr coating, significantly mitigates
the oxidation in the operational condition of LWRs as well as in the high temperature
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steam environment[11, 12, 13]. However, the volatile Cr oxy-hydroxide formation in the
steam environment might lead to linear oxidation kinetics[2]. Iron-Chromium-Aluminum
(FeCrAl) alloys coatings have also been studied under high temperature steam environment
[18] as well as simulated BWR environment[19]. FeCrAl coating on Zircaloy significantly
mitigates oxidation, and it delays the Zr oxidation in high temperature steam. However, low
eutectic temperature (∼950◦C) of the Fe-Zr binary system[20] leads to film lost at higher
temperature. Ceramics coatings, such as SiC [14, 15] and MAX phases [21, 22], demonstrate
better corrosion and oxidation properties than Zircaloy. In addition, SiC has higher radiation
damage tolerance[14].
Development of non-Zr based claddings with high strength and oxidation resistance is
another promising category of ATF. The monolithic materials that appear to be viable can-
didates so far are the FeCrAl alloy and SiC composites. FeCrAl forms alumina in high tem-
perature, and thus significantly reduces the oxidation rate in high temperature[3]. However,
the drawback of the FeCrAl cladding includes the higher permeation of tritium, compared
to Zircaloy cladding. This requires an additional system for the tritium removal or a barrier
coating on claddings due to the potential radiation to the public in the case of the coolant
leak or vapor venting[23]. In addition, oxide spallation was observed in the operational con-
dition of PWRs[24]. SiC has high oxidation resistant in high temperature, good radiation
resistant, and low thermal neutron absorption cross section[8]. However, the probable great-
est challenge of SiC as claddings is that SiC sublimes/decomposes rather than melting if the
conventional welding technique is applied to hermetic sealing[25]. In addition, SiC is brittle,
and it has lower thermal conducitivity compared to Zircaloy, which might be problematic
for the cladding material[26]. SiC may also form volatile silicon oxide or silicon hydroxide
in the high temperature steam environment. This poses a problem for the plant filtration
system[25].
Application of an alternative fuel with improved performance and fission retention is also
proposed. However, the fuel system based on the existing Zircaloy has been studied and
developed for over 60 years. Therefore, dramatic improvement with respect to the accident
tolerant is unlikely in the short term[8].
The study presented here mainly focuses on the oxidation performance and microstruc-
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ture characterization on Chromium-Aluminum alloy (CrAl) and pure Cr surface coatings
on Zircaloy-2 under high temperature steam environment. CrAl and Cr coatings rely the
oxidation protection on the Al2O3 or Cr2O3 formation, and these oxides are considered slow-
growing oxides at high temperature environment. The primary goal of this research is to
characterize the oxidation kinetics and microstructure evolution of Cr and CrAl coatings in
high temperature steam environment, and to provide information regarding its functionality
during off-normal transient in light water reactor. Chapter 2 reviews the published literature
on the oxidation of Zircaloy and the current development and status of accident tolerant fuel.
Chapter 3 introduces the experimental equipments that were used in this study, including
the deposition system and the micro-analytical systems. Chapter 4 focuses on the micro-
analysis result on the post-exposure CrAl and Cr coatings on Zircaloy, and the response of
intermetallic second phase particles in such exposure conditions. Chapter 5 is the discussion




In this chapter, literature reviews will be given regarding the oxidation of Zr alloy and the
current status of different types of accident tolerant fuel (ATF). These include coatings on
Zr-based alloys, monolithic Iron-Chromium-Aluminum alloy, and SiC-SiC composite.
2.1 Oxidation of Zircaloy
Pure Zr was proposed as LWR cladding material before the development of Zircaloy[27].
However the oxidation kinetics of pure Zr depends strongly on the grain orientation. Different
oxide growth rates of neighboring grains lead to stress buildup and the subsequent cracking.
The addition of transition metals (Cr, Fe, Ni) into Zr forms intermetallic second phase
particles (SPPs). These alloys develop more uniform oxide during corrosion, thus become
more susceptible to spalling[27].
Pure Zr has two crystal structures: hexagonal close-packed Zr (α-Zr) below 865◦C, and
body-centered cubic Zr (β-Zr) from 865◦C to the melting temperature at 1860◦C[28]. The
phase diagram of Zr-O binary system is shown in Figure 2.1 [29]. Oxygen stabilizes α-Zr
phase in elevated temperature with the maximum solubility of 30 atomic percent. Zr is
oxidized into ZrO2 in the oxidizing environments, and depending on the exposure condition,
three phases of ZrO2 could form. They are monoclinic α-ZrO2/m-ZrO2, tetragonal β-ZrO2/t-
ZrO2, and cubic γ-ZrO2/c-ZrO2.
Zircaloy interacts with the aqueous environment and forms Zr oxide. Corrosion of Zircaloy
in typical LWR conditions develops in three stages regarding the oxidation kinetics[30], as
shown in Figure 2.2. In the pre-transition regime, a thin, black, tightly adherent oxide film
develops, and the growth rate follows quasi-cubic rate kinetics. In the transitory stage, the
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Figure 2.1. Oxygen-Zirconium binary phase diagram[29].
corrosion with the quasi-cubic rate kinetics repeats at shorter and shorter time intervals.
In the post-transition/breakaway regime, linear rate kinetics are observed. The oxide film
breakaway is usually accompanied by the transition of the non-stoichiometric black zirconia
into the grey stoichiometric zirconia[31].
In the pre-transition stage, oxide with certain orientations grows preferentially, which
leads to a columnar crystalline structure[32]. In the transitory regime, cracks parallel to
the free surface develop in the oxide film. The oxide consists of alternate dense oxide and
porous/cracked oxide. This observation is consistent with the cyclical oxidation. Each
cycle consists of the ‘pre-transition-like’ quasi-cubic oxidation kinetics followed by the ‘post-
transition-like’ linear oxidation kinetics. A tentative mechanism was proposed to explain the
cyclical oxidation[33]. Diffusion of the oxygen anion in ZrO2 is more rapid than Zr cation.
This leads to the inward growth of ZrO2[34]. ZrO2 has a Pilling Bedworth ratio of 1.56
and large compressive stress builds up at the oxide/metal interface as oxide grows. As the
critical stress is reached, oxide film buckles and cracks. The cracks expose fresh surface and
lead to a rapid corrosion. Subsequent oxidation eliminates fresh zr surface area, and a new
cycle starts.
The change-over from the transitory regime to post-transition regime is termed as break-
away, and linear rate kinetics are observed. Two major mechanisms have been proposed
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Figure 2.2. Schematics of three regimes corrosion of Zircaloy in operational condition:
pre-transition, transitory, and post-transition[30].
to explain the breakaway, mechanical breakaway and allotropic transformation. The me-
chanical breakaway results mainly from the stress buildup in the brittle oxide. There are
two sources of stress production: 1) the volume expansion of zirconia with the high Pilling
Bedworth ratio[35]; 2) the localized rapid oxidation due to the second phase particles[36, 37].
The transformation of t-ZrO2 to m-ZrO2 was also proposed to explain the breakaway.
The t-ZrO2 phase is believed to be more protective, and the transformation to m-ZrO2
phase reduces protection. Stress relaxation[38, 39] and grain growth[40] are proposed to
lead to the transformation. The t-ZrO2 phase is believed to be a stress-stabilized phase,
and the initial oxide at the metal/oxide interface is dominantly t-ZrO2, stabilized by large
stresses[41]. However, as oxide grows, the stress of the outer oxide relax, which induces the
transformation to the m-ZrO2[38, 39]. In addition, grain size of t-ZrO2 was observed to be
less than 30nm, and it was proposed that t-ZrO2 is not stable above 30nm, and that the
grain growth lead to the transformation[40].
The corrosion behavior of Zircaloy in typical LWR environment is acceptable, however the
performance of Zircaloy cladding in accident scenarios is of serious concern. For example, in
the loss of coolant accident (LOCA) scenarios, the coolant capacity is lost, and the cooling
relies on the steam. The heat transfer coefficient of cladding with steam drops four orders of
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Figure 2.3. Cross section of the layered structure of Zircaloy cladding tube during LOCA
sequence[4].
magnitude, this induces worse cooling to the reactor[2]. In addition, although the reactor is
shutdown in the accident scenarios, the decay heat induced by delayed neutron and fission
product decay and the enthalpy from Zr oxidation add heat to the core. These phenomena
cause the reactor temperature to rise continuously. At the elevated temperature, the enthalpy
production of Zr/steam reaction (586kJ/mol), may dominate the decay heat[42], as shown
in Figure 1.2. Current international safety regulations for LOCAs scenarios specify that the
cladding oxide layer should be less than 15-17% of the cladding thickness, which is ∼100
microns oxide thickness[20]. However, in high temperature steam, oxidation is fast, and the
Zr oxide grows rapidly. For example, under 1200◦C steam environment, a 100 µm ZrO2 layer
forms on Zircaloy-4 in less than 20 minutes[43]. Therefore, the oxidation of cladding must
be mitigated, especially in the elevated temperature during steam exposure.
Regarding the microstructure development in LOCAs scenarios, cladding becomes a layer
structure, as shown in Figure 2.3[4]. ZrO2 develops on the outer surface. Below the oxide
is the oxygen stablized α-Zr(O), and the β-Zr layer is at the innermost layer, which is
load bearing. The ductility of cladding decreases as the oxide grows. The integrity of the
cladding is comprised as ZrO2 and the oxygen-rich α-Zr phase grow with the consumption
of β-Zr during the oxidation. The inner pressure buildup from the fission gas release and the
subsequent quenching may lead to cladding balloning and bursting[4]. In this case, fission
products will be released into the coolant.
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High temperature steam exposure leads to the rapid oxidation of Zr, fast heat generation
rate, hydrogen gas production, and the consumption of ductile metal in favor of brittle
oxide. All these phenomena potentially induce cladding failure[28]. The worldwide ATF
campaign was initiated with the goal to reduce the load on emergency core cooling system
by mitigating the oxidation and reduce the heat generation from the oxidation, and to
ultimately enhance the safety of nuclear reactors. Four main desired properties of ATF
cladding are anticipated in addition to the good performance under the normal operation.
These include low enthalpy input, low hydrogen production, high mechanical strength, and
high retention of fission products. In a design basis LOCA, high thermal conductivity and
high heat capacity are desirable, as these faciliate thermal energy disscipation and reduce
the rate temperature rise. More importantly, reduction of cladding oxidation rate and post-
quench ductility maintain are emphasized[9].
Generally speaking, three types of oxides are believed to potentially provide sufficient pro-
tection on the underlying materials, namely silica, alumina, and chromia[44]. These oxides
are good electronic insulators, especially at elevated temperature, and could potentially re-
duce oxidation kinetics. This requires that the ATF cladding materials must contain either
Si, Al, or Cr to form the corresponding oxides, SiO2, Al2O3, or Cr2O3 at elevated temper-
ature. Oxidation kinetics of different oxide-forming alloys are compared in Figure 2.4 along
with Zircaloy[44, 45, 9]. ZrO2 is relative fast conductor of oxygen at elevated temperature,
and cannot provide sufficient protection even as a thick oxide forms. On the other hand,
Cr2O3, Al2O3, and SiO2 are considered protective oxides, where diffusion of oxidizing species
and reaction products are slow. The oxidation rate constant of these protective oxide former
is two to three order magnitude lower than ZrO2.
2.2 Current status of coatings on Zirconium-based alloys
Surface coatings on Zirconium-based alloy is considered to be economical cladding to
improve the oxidation resistant. The possibility of applying coatings to LWR cladding in
short term has attracted global attention. Zircaloy has been studied for over three decades.
It is known for the superior properties, such as low neutron absorption, high strength,
10
Figure 2.4. Oxidation kinetics comparison of different oxide-forming alloys[9].
high melting temperature and high thermal conductivity. Coated Zircaloy will maintain
these properties. However, there are potential disadvantage associated with the coated
zircaloy, such as adhesion of coatings to Zircaloy substrate, phase stability of coating in
high temperature or under irradiation, different thermal expansion between coating and
substrate, coating manufacturing issues. In addition, most studies on coatings on Zircaloy
tubes only focused on coatings on the outer surface of the tube. However, if cladding bursts,
the inner surface will be exposed to the oxidizing environment. Deposition on the interior
of the cladding tube has been achieved using chemical vapor deposition[46], although the
scaling up to industry level in an economic way is another concern.
Multiple coatings have been studied, which can be categorized into metallic coatings[14-
19] and ceramics coatings[20-28]. Table 2.1 summarizes the recent development of coatings
on zirconium-based alloys regarding oxidation resistant. Metallic Cr coatings have been
studied by different groups. Different deposition methods were applied to fabricate the
coatings, such as magnetron sputtering[47, 48, 49], cold spray[50, 51, 52, 53], ion plating[54]
and plasma spray[55]. Chromium coatings demonstrate superior oxidation resistant and
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maintain integrity in accident scenarios with good adhesion [47, 48, 49, 50, 51, 52, 53,
54, 55]. In addition, Cr coatings demonstrate significantly improved wear resistant than
uncoated Zr-based alloys, and the Cr coated cladding is expected to reduced grid-to rod
fretting failure[49]. Cr2O3 could volatilize in elevated temperature in a linear rate, and the
reaction depends on the environment. In an oxygen environment, Cr2O3 volatilizes into
gaseous CrO3 in a rate of less than 0.1um/hr at 1200
◦C in an oxygen environment[56, 57].
The volatilization of Cr2O3 to gaseous product CrO2(OH)2 is facilitated with both oxygen
and steam presence[58]. A volatilization rate of 0.2um/hr was observed at a 50%-50%
steam oxygen mixture environment[58]. This volatilization rate is considered relatively slow
compared to the oxide growth rate. A layer of 7um Cr2O3 forms in 1 hour exposure in 1200
◦C
steam environment[55, 54, 59]. The eutectic temperature of Cr-Zr is approximately 1330◦C,
and at higher temperature, the coating is unlikely to provide protection. Chromium coatings
are the most promising solution under the ATF scope, and has been studied intensively by
different groups. Studies regarding its irradiation resistant were planned by both Framatone
company and Westinghouse Electric Company[60, 61].
FeCrAl coatings have been studied in both high temperature steam and simulated BWR-
NWC environment[53, 18, 19, 52] . Alumina forms in high temperature steam exposure, with
parabolic growth kinetics[18], and Fe based spinel forms in the typical LWR conditions[19].
Typical LWR condition exposure followed by high temperature steam exposure test was also
carried out to mimic accident scenario occurrence after normal operation[19]. A layer of
alumina developed between the Fe based spinel and un-reacted coatings [19]. The function
of the FeCrAl coating was compromised by the low eutectic reaction of Fe-Zr near 950◦C.
A complete coating loss occurred at higher HTS exposure[18]. A Mo barrier layer was
deposited between the FeCrAl coating and Zr substrate to impede Fe diffusion to matrix, and
improvement of oxidation behavior was observed[53, 52]. The application of CrAl coatings
is another method to eliminate Fe-Zr eutectic reaction. CrAl coatings also demonstrated
oxidation resistant in HTS exposure, and coatings with high Al composition had higher
oxidation resistant[47].
Ceramics coatings are another solution that have been studied broadly. MAX phases
coatings are important ceramic coating candidates that have been studied extensively. MAX
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phases have a nanolaminate structure, and they generally have high thermal conductivity and
toughness[21]. A variety of MAX phase coatings were studied[21, 62, 63, 22, 64]. Ti2AlC
coatings demonstrate stronger hardness than Zircaloy and reduce weight gain of Zircaloy
at high temperature steam environment [21, 62]. However, significant amount of coating
constituent (Al) consumption to Zircaloy substrate was observed for Ti2AlC coating[62].
Different nitride coatings have been studied. For example, AlCrN and TiAlN coatings were
tested in both high temperature steam and 300◦C aqueous environment[63, 64]. Cracking
formed on post-HTS-exposure AlCrN and TiAlN coatings, which lead to rapid oxidation
of underlying substrate[63, 64]. In addition, complete loss of these coatings occurred in
300◦C aqueous environment probably due to the coating dissolution or delamination[63].
TiN/TiAlN multilayer coatings on ZIRLO were studied at 360◦C aqueous environment for
up to 90 days. The coated ZIRLO with optimal architecture demonstrated six times lower
weight gain than the uncoated ZIRLO [22]. Like the nitride coatings, carbide coatings were
also considered potential accident tolerant solution, especially silicon carbide (SiC). SiC coat-
ing demonstrated lower weight gain by forming SiO2 surface oxide[15]. However, the lack of
coating adhesion was pronounced, especially for a thick SiC coating [15, 14]. Binary Zr-Si
coatings were studied for its oxidation behavior in high temperature steam environment,
including ZrSi, ZrSi2, and Zr2Si coatings. Among these three Zr-Si coatings, ZrSi2 coat-
ing demonstrated the best oxidation resistant at high temperature air environment, which
relied on the SiO2 and ZrSiO4 oxide formation [65]. In addition, the pre-oxidized ZrSi2
coating in 700◦C prevented the cracking formation and improved the oxidation resistant
at the temperature of 1000◦C and higher [65]. Oxide coating was also studied. Yttrium
stabilized zirconia (YSZ) deposited by the sol-gel process was studied at high temperature
environment. However, the reduction of oxidation weight gain was not significant; only 25%
weight gain reduction was observed in 800◦C air environment. In addition, the oxidation
behavior depended strongly on the heat treatment processes of coatings [66].
Although SiO2, Cr2O3 and Al2O3 provide excellent protection to underlying materials
at elevated temperature, they do not necessarily have good performance in typical LWR
operational aqueous environment. Dissolution of oxide occurred in operational aqueous con-
dition, and chromia appeared to be the slowest one[9]. Dissolution of alumina in aqueous
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environment was characterized, and the dissolution was faster in hydrogen-containing envi-
ronment with the formation of AlO(OH)[67]. Dissolution of SiO2 also occurred in aqueous
environment[68], which will be discussed in section 2.4.
Irradiation testings were also performed on selected coating materials. In-situ ion irradi-
ation on TiN/TiAlN coatings was performed[69]. Grain boundaries were abundant in the
coating due to the small grain and multilayer microstructure. This coating architecture pro-
vided sinks to irradiation defects, and the irradiation did not have effect on the coatings[69].
Ion irradiation studies were also performed on Cr coating on M5 cladding materials. The
Cr coatings remained stable in the ion irradiated environment, and irradiation effect to the
lattice structure of Zr-Cr intermetallic phase was observed[70] . In-pile tests were also per-
formed on CrN, AlCrN, and TiAlN, and only CrN was stable in the reactor environment[71].
More in-pile tests of Cr coated Zr based alloys were planned in commercial reactors and re-
search reactors in 2019 by Westinghouse electric company and Framatone[60, 61].
2.3 Current status of Iron-Chromium-Aluminum alloys
In terms of non Zr-based monolithic cladding, FeCrAl and SiC-SiC composite are the most
promising cladding alloys. It is generally believed that FeCrAl represents the intermediate
replacement for the Zircaloy in LWR, and the ultimate goal is to utilize SiC-SiC composite
in the nuclear reactor. As high temperature oxidation kinetics shown in Figure 2.4, oxida-
tion kinetics of FeCrAl alloys is two order magnitude lower than Zircaloy-2, and the high
temperature oxidation resistant relies on the alumina formation[3, 72, 73].
To better understand the oxidation mechanism of FeCrAl, alumina formation needs to
be studied. Alumina has multiple phases. The stable phase is hexagonal α − Al2O3 (space
group R3c), and there are multiple transient phases, such as cubic γ − Al2O3 (space group
Fd3m) and monoclinic θ − Al2O3 (space group C2/m) [74]. Although alumina has been
studied for many years, alumina growth and the phase transformation mechanisms are still
not clearly understood[74, 75]. Alumina has a variety of crystalline phases, that depend
on the exposure condition, alloy composition. For example, Grabke observed different alu-
mina phase formation for the alumina-forming alloys at different temperature, as shown
14









• maintained integrity in accident scenarios with
good adhesion.
• demonstrated significantly improved wear re-
sistant
• Cr2O3 volatilized in a relative slow rate in el-
evated temperature
FeCrAl
• increased coping time due to alumina forma-
tion in 700◦C HTS exposure. [53, 18]
[19, 52]• Fe-spinel formed in BWR-NWC environment.
• Fe-Zr eutectic reaction lead to film loss at the
temperature above 950◦C
• A Mo barrier layer impede Fe diffusion into Zr
matrix.
CrAl
• Coatings with higher Al composition lead to
lower weight gain in 700◦C HTS exposure.
[47]





• Demonstrated stronger hardness than
Zircaloy.
[21, 62]• Reduced oxidation of coated Zircaloy in 700◦C
and 1050◦C HTS exposure.
• No information regarding what oxide formed
during HTS exposure.
• Significant Al diffusion into Zircaloy substrate.
Ti3SiC2
• Reduced coating constituents diffusion into
Zircaloy substrate compared to TiAl2C coating.
[62]




• Cracking formed on all coatings at 1000-
1100◦C steam environment, with minimum
crackings on CrN coating.
[63]
• Rapid oxidation occurred where coatings were
cracked.
• AlCrN coating loss in 300◦C aqueous autoclave
test due to the dissolution or poor adhesion.
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• TiN as a barrier to retarded Al diffusion to sub-
strate. [22]
• Coated ZIRLO demonstrated six times lower
weight gain than the uncoated ZIRLO in 360◦C
aqueous environment.
• No coating spallation was observed for optimal
coatings.
TiN/TiAlN
• The coated Zircaloy-4 remained intact after the
exposure to 500◦C supercritical water for 48 hours. [64]
• TiN performed better than TiAlN regarding ox-
idation resistant.
• Optimization of film deposition is required for
TiAlN coatings.
ZrxSiy
• Reduced oxidation kinetics of ZrSi2 coated




• Pre-oxidized ZrSi2 in 700◦C demonstrates bet-
ter oxidation resistant in 1000◦C and higher tem-
perature.
SiC
• Reduced weight gain in high temperature steam
environment.
[15, 14]
• Lack of adhesion to Zircaloy, especially for the
thick coatings.
Sol-gel YSZ
• Surface and corrosion properties depend
strongly on the heat treatment processes.
[66]
• 25% oxidation reduction of optimal YSZ coated
Zircaloy-4 in 800◦C air environment.
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in Figure 2.5 [76]. Transient γ − Al2O3, and θ − Al2O3 developed below 1100◦C with
porosity[72, 77, 78, 79, 80, 81]. Stable α − Al2O3 developed at higher temperature, and
it was generally believed that α − Al2O3 had slower growth kinetics and provided better
protection. In fact, oxidation kinetics of alumina-forming alloy at 1000◦C was observed to
be slower than at 900◦C. This indicated different alumina phase formation and their corre-
sponding protective properties[81, 82]. In addition, transient Al2O3 and the porosity were
stabilized by the steam[77]. This occurred via hydroxides OH− attaching on the transient
Al2O3, and the surface hydroxylated transient Al2O3 had a negative surface energy[77, 83].
The stability of transient alumina in a wet environment could result in a higher oxidation
kinetics than in a dry environment.
Figure 2.5. Arrhenius diagram of parabolic rate constant versus exposure temperature of
alumina formation for NiAl alloy[76].
Transformation from transient alumina to stable alumina occurred at prolong exposure
of transient alumina, which was accompanied by a reduction of the oxidation kinetics [76].
The transformation could be facilitated or impeded by other elements. For example, Cr was
believed to facilitate the transformation due to the same oxide lattice structure of Cr2O3
and α−Al2O3 [84]. It was proposed that Cr2O3 acted as a nucleation center for α−Al2O3
[85]. On the other hand, large cations such as Zr and Y were believed to impede the
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transformation[76].
Oxygen and aluminum diffusion in Al2O3 depends on multiple factors, such as environ-
ment, temperature, alloy composition, impurity, and grain size. Whether inward or outward
growth of alumina depends on the cation and anion diffusion rate in the Al2O3 scale[86, 87].
Multiple attempts and techniques have been applied to investigate the mechanism. Some
studies observed that the Al diffusion was faster in both the bulk and alumina grain bound-
aries, and outward alumina growth was dominant[88, 26, 89]. Some reported the growth
mechanism was dominant by the inward oxygen diffusion[90]. Others illustrated the duplex
oxide structure formation. This indicated the equivalent importance of O inward diffusion
and Al outward diffusion[77, 83, 91, 92, 93].
Duplex alumina formation on FeCrAl has been observed[92, 93]. This consisted of a Cr rich
band between two alumina layers. The top layer was an outward growing equiaxed Al2O3
oxide film. It was usually a transient Al2O3 layer in the initial stage[94], and could transform
to the stable α-Al2O3 depending on the oxidizing environment. Iron and Chromium were
dispersed in this oxide layer, with more Fe dissolved within the alumina grains, while more
Cr in the grain boundaries. These alloy elements were believed to incorporate in the scale
during early oxidation[79, 95]. In addition, Cr segregated at Al2O3 grain boundaries and
blocked Fe diffusion channels to prevent the nodular iron oxide formation, which otherwise
occurred in the binary FeAl alloy system[96]. The middle layer was a thin continuous Cr-rich
band which represented pre-exposure free surface. It consisted of nano-size particles with
either Fe or Cr concentrated, which were oxidized at the early stage of the oxidation before
a continuous alumina layer developed on the top. The bottom layer was the inward growing
columnar α-Al2O3. Al2O3 in this layer was purer than the outer oxide layer, with almost
no Cr, Fe solutes[97]. The alumina growth on FeCrAl followed a parabolic rate kinetics
in high temperature from the weight gain measurement[72]. However, the growth rate was
observed to deviate to slightly lower kinetics in prolonged exposure due to the columnar
alumina formation and thus the decreased density of grain boundaries[72, 98].
FeCrAl composition is an important factor with respect to oxidation kinetics. To form a
continuous Al2O3 surface oxide, Al should be above 2 wt%[99]. Below the critical composi-
tion, Fe/Cr oxide or Fe/Cr spinel dominates, and FeCrAl has a poor oxidation response in
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Figure 2.6. Critical Composition of Cr and Al to form protective alumina at 1200◦C
steam[101].
this case[79, 99]. However, Al composition is limited by the weldability[100, 101]. Cracks
develop during welding if the Al composition is too high. Increasing Cr composition could
decrease the critical Al concentration to form continuous alumina surface layer[102, 103].
Both Cr2O3 and α-Al2O3 are hcp structure, and it was proposed that Cr2O3 acted as a nu-
cleation center for α-Al2O3, and facilitated α-Al2O3 formation[85]. Figure 2.6[101] illustrates
the critical composition of Cr and Al at 1200◦C steam to form protective alumina layer. It
is evident that by increasing Cr composition, critical Al composition to from protective alu-
mina decreases. However, lower Cr (<13%) would be preferred to avoid embrittlement due
to the Cr-rich α′ phase formation under irradiation[104, 101].
Cladding materials experience neutron irradiation in commercial reactor, and FeCrAl
alloys with high Cr composition formed Cr-rich α′ precipitates under irradiation environ-
ment, which could lead to cladding embrittlement[104, 105, 106, 101]. Mechanical proper-
ties were measured on model FeCrAl with different compositions and different irradiation
doses[104, 107]. Increased strength at a cost of ductility loss was observed for irradiated Fe-
CrAl alloys. The ductility loss was more severe for FeCrAl with higher Cr composition[107].
Cladding pellet mechanical interaction was expected in large fuel burnup in reactor, and
brittle cladding materials are not desired. To reduce the detrimental effect of irradiation,
19
Figure 2.7. Cr and Al composition effect to the properties of FeCrAl alloys[109].
Cr composition was reduced, and current study focused more on the Cr composition range
from 10 weight% to 13 weight%. However reduced Cr and Al will lead to less oxidation
resistant[3]. Cr and Al composition affect other properties, such as mechanical properties,
irradiation properties, and fabrication as summarized in Reference[108]. The composition
maps of acceptable composition are shown in Figure 2.7 [109]. Recent extensive studies
regarding FeCrAl application in nuclear industry focus on Cr composition between 10% to
13% with Al composition less than 8%.
FeCrAl also showed much lower weight gain in the operational condition of PWRs than
Zircaloy-4[24]. Different oxides could be developed in the operational condition, depend-
ing on the composition and the chemistry of the coolant. FeCrAl developed hematite
((Fe, Cr)2O3) in BWR-NWC which contains oxygen, and developed magnetite ((Fe, Cr)3O4)
mainly in PWR and BWR-HWC, as Figure 2.8 shows. The oxide growth rate in BWR-
NWC condition was much slower than hydrogen-containing aqueous environment. Only a
layer of 250nm (Fe, Cr)2O3 developed in one year BWR-NWC immersion, whereas microns
of (Fe, Cr)3O4 developed in BWR-HWC environment. Dissolution of oxide occurred in
the aqueous hydrogen-containing environment in a relative slow rate, approximately 2um
per year. And corrosion kinetics and the dissolution kinetics of oxide were summarized in
reference[110]. Porosity at the oxide/metal interface was observed, which was attributed
to the void coalescence. Stronger outward diffusion of Fe than O inward diffusion was ac-
companied by vacancy inward diffusion. These vacancies coalesced to form pores, and these
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Figure 2.8. Corrosion product of FeCrAl in operational condition[9].
void could lead to oxide spalling[24]. Although the oxide growth rate was very slow in simu-
lated operational condition, as shown in Figure 2.8, this was measured out-of-pile test, and
the irradiation could affect the oxidation kinetics and/or dissolution rate of FeCrAl. Dif-
ferent oxide might also form in the irradiated environment, as compared to in unirradiated
environment[111].
Commercial FeCrAl alloys include reactive elements such as Y, Zr to improve the oxidation
resistant and the adherence of the aluminum oxide film[90, 94, 112, 113, 114]. Several
mechanisms have been proposed to explain the effect of Y addition[90, 94]: 1) Yttrium
oxide in the alumina scale provides excess interfaces for vacancy condensation. Otherwise,
vacancies coalesce at the oxide/metal interface, and induce the spallation. 2) Yttria in
the alumina grain boundaries suppresses the Al outward diffusion and mitigates the lateral
stress buildup in the scale. The reduced stress in the scale prevents or delays the oxide
buckling and spallation. 3) Yttria particles in the alumina layer penetrate into the metallic
layer, and improve the bonding between the oxide and metal[115, 116]. Zirconium in FeCrAl
improves the adhesion of alumina scale, which is attributed to the prevention of Cr carbide
formation at grain boundaries[112]. However the effect of Zr to the oxidation kinetics is not
well-understood. Inconsistent observations were reported by different studies[112, 113, 114].
Some studies reported that Zr segregated in the alumina grain boundaries, slowing down Al
outward diffusion, and thus the oxidation rate[113]. On the other hand, Wessel reported that
ZrO2 inclusion in the scale induced equiaxed grain growth and the higher grain boundary
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density accelerated the oxidation[112].
Two major concerns involves FeCrAl application in LWR. First the increased neutron
absorption compared to Zr. Thermal neutron absorption cross section for Fe and Cr is
an order magnitude higher than Zr (https://www.ncnr.nist.gov/resources/n-lengths/). To
compensate the increased neutron absorption, uranium enrinchment need to be increased
or wall thickness of cladding need to be reduced. Another concern is the increased tritium
permeability in FeCrAl compared to Zircaloy. Tritium permeation through FeCrAl has
been characterized[23]. Tritium, produced by the ternary fission, is chemically identical
to hydrogen. However, recent studies showed that alumina from high temperature steam
exposure and Fe,Cr oxide from opertional condition could mitigate the tritium permibility
throught the cladding[117, 118, 119].
2.4 Current status of SiC-SiC composite
SiC-SiC composite material is an alternate promising cladding materials, and it is believed
that SiC-SiC has more superior properties than coated Zr-based alloys and FeCrAl alloys.
SiC-SiC composite is composed of SiC fiber with a monolithic SiC matrix. There are two
major types of SiC matrix under intensive research and development. One is chemical vapor
infiltrated (CVI) SIC matrix[120], which is more porous but more irradiation resistant[121].
The other is nano-infiltration transient eutectic phase (NITE) SiC matrix, which is in higher
density and thus have improved mechanical properties[122, 123]. Other SiC fabrication
techniques are discussed in Reference [9].
Silicon carbide has superior properties to Zircaloy in multiple aspects[25], such as low ther-
mal neutron absorption, high oxidation resistant, and irradiation stability. In this section,
mechanical properties, irradiation stability, oxidation/corrosion behavior will be reviewed
along with the concerns for SiC-SiC composite application in LWR.
As a ceramic material, silicon carbide is brittle, and suffers from low fracture toughness.
A brittle material is not desirable as cladding material, due to the fission gas buildup and
cladding pellet mechanical interaction during the reactor operation. A design of SiC fiber
reinforced SiC matrix was developed to improve the ductility of the cladding materials,
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where the fiber withstood the stress when the cracking propagated in the matrix[124, 125].
The failure mechanism was studied for the SiC-SiC composite. As stress was applied on
the SiC-SiC composite, cracks started to form on the matrix. The stress was subsequently
localized on fiber, which was evident by the non-uniform stress distribution on the SiC-SiC
composite at stress larger than proportional limit stress. Non-uniform stress was correlated
with the fiber tow architecture, which indicated that the fiber withstood the stress after
cracking formation in the matrix[125]. As stress increased, the microcracking propogated and
deflected at the fiber matrix interface, which could cause the fiber/matrix debonding or even
localized fiber breakage[125]. Bonding strength between the SiC fiber and SiC matrix are
under optimization. A over-strong bonding could not impede the cracking growth, whereas
delamination was enhanced for a weak bond[126]. Temperature did not have significant effect
to the strength of the SiC-SiC composite. SiC-SiC composite maintained a high strength at
elevated temperature, with improved ductility[127].
SiC demonstrated superior oxidation resistant. As Figure 2.4 shows, oxidation kinetics
of SiC in elevated temperature steam environment was three orders magnitude lower than
Zircaloy, which was in parabolic kinetics. Parabolic rate constant of SiC oxidation was
shown in an Arrhenius plot in Figure 2.9a. Gaseous H2 and CO were the byproduct of
the SiC oxidation[45, 26], and the trap of the gaseous byproduct in the oxide lead to a
porous oxide structure[45, 128]. Volatilization of SiO2 into Si(OH)4 in steam was also
observed in a linear rate. The volatilization depended on multiple factors, such as steam
partial pressure, steam flow rate. A faster steam flow rate and larger steam pressure could
enhance volatilization of SiO2, and the volatilization rate constant was proportional v
0.5p1.5,
where v, p are flow rate and the partial pressure of steam[45]. Volatilization rate constant
was shown in an Arrenhuis plot in Figure 2.9b. The excellent oxidation resistant of SiC in
elevated temperature steam environment lead to much lower hydrogen production and could
potentially maintain integrity in the post-quench scenarios.
SiC retained stability under neutron irradiation[121]. Irradiated SiC experienced swelling,
and both irradiation temperature and irradiation dose affected the swelling[129]. Figure 2.10
shows the SiC swelling as a function of temperature for three different neutron irradia-
tion dose[129]. Minimum swelling was observed at around 1000◦C, and higher swelling
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(a) Oxidation of SiC (b) volatilization of SiO2
Figure 2.9. Oxidation and volatilization of SiC in high temperature steam environment[45]
was observed at both low temperature and high temperature[129]. This indicated different
swelling mechanism at different temperature. At temperature below 200◦C, the swelling was
due to the amorphization. In temperature between 200◦C to 1000◦C, the effect of point
defects accumulation dominated, and the vacancy coalescence effect dominated in higher
temperature[130]. Radiation dose also affected the swelling. Higher dose induced higher
swelling, and it saturated at certain dose as Figure 2.11a shows[129]. Swelling models of SiC
during isothermal irradiation corrected from the experimental results was also determined
by Katoh[131, 132], as shown in Figure 2.11b.
Figure 2.10. SiC swelling as a function of temperature for different neutron irradiation
dose[129].
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(a) Experimental measurement on SiC
swelling[129] (b) modeling of SiC swelling[131, 132]
Figure 2.11. Experimental and modeling of SiC swelling as a function of irradiation dose
for different temperature.
Mechanical strength was also maintained in the irradiation environment at typical LWR
temperature. Cladding materials experienced 3-5 dpa per year in typical LWR environment[9,
133]. Mechanical properties of SiC-SiC composite were tested up to 12 dpa at operational
tempreature. SiC-SiC composite retained quasi-ductile behavior , and no noticable change
was observed regarding the ultimal tensile strength and proportional limit strength[134].
Although SiC was considered stable in irradiation and elevated temperature, indication of
β-SiC started to transform to α-SiC was identified after 9 dpa at 1440◦C[135], which poten-
tially lead to anisotropic and less irradiation resistant. Although the typical LWR operational
temperature was much lower, it may have implication in high temperature reactor or fusion
in the future.
Although SiC-SiC composite has acceptable mechanical properties, excellent oxidation
resistant and irradiation stability, there are two main concerns for the SiC-SiC application as
cladding materials in LWR. There are SiC dissolution in aqueous environment and potential
radionuclide release due to the microcracking formation[9]. In addition to the volatilization
of SiO2 in high temperature steam environment, as mentioned earlier, dissolution of the SiC
occurred in an aqueous environment. Preferential dissolution along the SiC grain boundaries
was observed, especially for high angle boundaries[136]. This could lead to grain fallout as
grain boundaries around a grains were attacked[137]. Formation of SiO2 did not prevent
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Table 2.2. SiC recession rate in unit of um/year in different LWR environment with and
without irradiation[9]
Out-of-pile In-pile
HWC NWC HWC NWC
CVD-SiC 0.37-1.11 3.7-55.5 5.55-11.1 37-185
NITE-SiC 18.5-185 370 74-1110 over 1110
dissolution of cladding materials, as SiO2 also dissolution also occurred. Recession rate
of SiC was faster when oxygen content increased in the aqueous environment. This was
due to the enhanced oxidation kinetics with oxygen present[137]. On the contrary, the
dissolved hydrogen conconcentration lead to reduced recession rate of SiC, as hydrogen
inhibited the oxidation kinetics[138]. Recession rate SiC in different LWR environment were
summarized by Terrani[9], and they are shown in Table 2.2. The dissolution was enhanced
in the oxygen-containing environment, i.e. BWR-NWC condition. Again, this was due
to the enhance oxidation kinetics. In addition, irradiation also enhanced the dissolution
by 1)increasing oxygen activitity by radiolysis, and 2) enhancing oxidation by the defect
generation[136, 138]. Therefore a corrosion resistant coating was proposed to deposit on
SiC-SiC composite cladding materials to mitigate the dissolution. Cr-based coatings showed
some improvement against the dissolution[68].
As mentioned earlier, SiC matrix started to form microcracking under stress. As ceramic
SiC materials is brittle, microcracking started to develop as low as 0.05% strain at pro-
portional limit stress, as shown in Figure 2.12. Although ductility was maintained by the
SiC fiber, the microcracking could provide potential release path for radionuclide. However,
the coating to prevent dissolution might also have a function of providing barrier against
radionuclide realease[9].
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Figure 2.12. Typical stress-strain curver for SiC-SiC composite[9].
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CHAPTER 3
EXPERIMENTAL METHODS AND TECHNIQUES
Chromium-Aluminum or chromium coatings were deposited on polished Zircaloy-2 coupons
using magnetron sputtering. Coated specimen were exposed to 700◦C or 1100◦C steam en-
vironment in the NEITZCH Jupiter 441 STA, and the post-exposure samples were investi-
gated using various microanalytical techniques, including optical microscope (OM), Scanning
Electron Microscope (SEM), X-ray Diffraction (XRD), Transmission Electron Microscopy
(TEM), and Scanning Transmission Electron Microscopy (STEM), and Energy-Dispersive
X-ray Spectroscopy (EDS). To characterize the intermetallic second phase particles and Zir-
conium hydrdide, cross section of coated specimens were polished and etched with hydroflu-
oric acid (HF), and cross sectional microstrocture of Zircaloy matrix was characterized by
SEM and TEM. The microstructure characterization was carried out in part in the Frederick
Seitz Material Research Laboratory at the University of Illinois, at Urbana Champaign. In
addition, synchrotron XRD was performed to characterize the correlation of hydrogen con-
centration and volume fraction of intermetallic SPPs. This chapter presents the descriptions
of the magnetron sputtering system and the microanalytical techniques.
3.1 Sample preparation
The Zircaloy-2 plates were supplied by ATI Specialty Alloys and Compounds. The recrys-
tallized material has the nominal Zry2 composition for BWR application with the thickness
of 1.5 mm. Samples were mechanically polished. They were first polished using P1200 SiC
grit papers, and then polished with 9 µm MetaDi Supreme Diamond from Buehler, followed
by 3µm MetaDi Supreme Diamond. The final polishing used 0.05µm Syton from Sigma
Aldrich. Before the thin film deposition, Zry2 substrates were ultrasonically cleaned with
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acetone and then methanol for 15 minutes before deposition.
To reveal the hydride and intermetallic SPPs, cross section of post-exposed coatings were
cut and polished using the same procedure as mentioned earlier. Cross sections were then
chemical etched using a solution of HF, nitric acid, and distilled water in a volume ratio of
5%, 45%, and 50% after polishing. The size distribution of intermetallic SPPs and hydride
were characterized using SEM.
3.2 Magnetron sputtering system
Chromium-Aluminum coatings were deposited using the magnetron sputtering system, as
shown in Figure 3.1. The details of this sputtering system are described in Ref.[139]. Pure
chromium and pure aluminum targets were used for the deposition. The base pressure of
the chamber was on the order of 10−8 Torr. The deposition procedure is described as fol-
low: samples were annealed under the base vacuum at 250◦C for 2 hours, followed by 200◦C
for 30 minutes before the deposition. During the deposition, gate valve (GV) was partially
opened at GV=470. Argon gas of 3 sccm flow rate was introduced into the chamber from
the chamber wall. The chamber pressure was about 1 mTorr. DC power supplies (MDX500)
from Advanced Energy were used for sputter guns. Current controlled mode was set during
the deposition with the current ranged from 100mA to 300mA depending on the expected
growth rate. To improve the uniformity of the thin film, the inconel stage was rotating
during the deposition. Table 3.1 shows the sample matrix that were studied in this disserta-
tion. The coating composition, thickness and exposure condition are included in the table.
The composition of coatings were selected so that each coating composition corresponds to
different crystalline lattice phases as shown in the phase diagram in Figure 3.2. Due to the
sample preparation, coating were deposited on the two broad sides of coupons, as Figure 3.3
shows. The coatings acted as oxidation barriers [47] to mitigate oxidation. Hydrogen was
generated from the oxidation of uncoated Zircaloy at edges. Hydrogen was absorbed and
zirconium hydride formed in the matrix, once the hydrogen concentration reached solubility
limit. All the microstructure analysis were performed on the center of the coated side to
avoid edge effect.
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(a) The magnetron sputtering system. (b) Schematics of sputtering
Figure 3.1. Magnetron sputtering system and schematics
Figure 3.2. Cr-Al phase diagram. The CrAl coatings composition were labeled.
Composition were selected so that each coatings has different crystalline lattice phase.
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Figure 3.3. Schematics of coated Zircaloy. Coatings were deposited on two broad sides, and
four edges were uncoated or partially coated. Oxidation of uncoated Zr at edges generated
hydrogen. A fraction of hydrogen was absorbed into Zircaloy.
Table 3.1. Steam exposure sample identification matrix




42/58CrAl-1hr 700◦C Steam, 1 hr
42/58CrAl-3hr 700◦C Steam, 3 hr
42/58CrAl-5hr 700◦C Steam, 5 hr
42/58CrAl-10hr 700◦C Steam, 10 hr
42/58CrAl-20hr 700◦C Steam, 20 hr
57/43CrAl-20hr 57/43 1 700◦C Steam, 20 hr




81/19CrAl-1hr 700◦C Steam, 1 hr
81/19CrAl-3hr 700◦C Steam, 3 hr
81/19CrAl-5hr 700◦C Steam, 5 hr
81/19CrAl-10hr 700◦C Steam, 10 hr
81/19CrAl-20hr 700◦C Steam, 20 hr
Cr-20hr 100/0 1 700◦C Steam, 20 hr
42/58CrAl-5µm-1100◦C 42/58 5
1100◦C Steam, 2 hr
42/58CrAl-1µm-1100◦C 42/58 1
81/19CrAl-1µm-1100◦C 81/19 1
85/15CrAl-6.5 µm-1100◦C 85/15 6.5
Cr-3.5 µm-1100◦C 100/0 3.5
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(a) Cross section (b) Plan view
Figure 3.4. As deposited 42/58 CrAl coating. a)Cross sectional TEM image of 42/58 CrAl
on Zircaloy-2. b) Plan view image of 42/58 CrAl on Zircaloy-2. Columnar grain structure
is evident from the cross section image. The film thickness from the cross section view is
1µm, and grain size on the free surface of the coating is 100nm.
Microstructure of as-deposited 42/58 CrAl coating is shown in Figure 3.4. Coatings with
other compositions have similar as-deposited coating microstructure. Figure 3.4a shows
the TEM cross sectional image of the as-deposited 42/58 CrAl coating on Zircaloy-2. A
columnar structure with the thickness of 1um was observed. CrAl grains were smaller at
the coating/substrate interface, and they grew as the coating thickens. The average grain
size is 100nm approximately at the free surface, which is also shown in the SEM plan view
image in Figure 3.4b. Three second phase particles (SPPs) were observed in the cross
sectional STEM image with compositions corresponding to Zr2(Fe,Ni) and Zr(Fe, Cr)2.
The chemical compositions of the SPPs were measured by STEM/EDS. Clustering of the
SPPs is evident, which has been reported also observed by Chemelle et al. [140].
3.3 Simultaneous thermal analyzer (STA)
A NEITZCH jupiter 441 STA was used for steam exposure. It allows weigh gain mea-
surements during the exposure, with the accuracy of the order of 10−2mg. For reference,
weight gain of 1-25 mg were typically observed for samples exposed at 700◦C steam in this
study. The system was heated at the rate of 15◦C/min to the desired temperature, and ultra
high purity Ar was introduced into the system during the heating to minimize oxidation.
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For 700◦C steam exposure, steam started to flow into the system at a rate of 2g/hr after
the isothermal hold for 20 minutes at the desired temperature. For 1100◦C steam exposure,
steam started to flow into the system during the heating when the system reached 300◦C.
3.4 Scanning electron microscopy (SEM)
SEM was used to study morphology of as grown and post-exposure CrAl coatings. The
incident electrons interact with the sample, and generate secondary electrons (SE), back-
scattering electrons (BSE), characteristic X-ray, and cathodoluminescene. SE are generally
less than 100eV and sensitive to the surface morphology. BSE are generated from the elastic
scattering of electrons with specimen atoms. The contrast of BSE images comes from the
atomic number difference; heavy element back-scatters electrons more strongly, and thus
appear brighter. EDS measurement were performed to obtain chemical information.
A Hitachi S4700 high resolution instrument was used in this study. It used a cold field
emission gun with a 1.5nm resolution at 15kV and is equipped with an Oxford instrument
ISIS EDS X-ray Microanalysis System.
3.5 Focused ion beam (FIB)
FIB is a tool that directs a focused ion beam toward a sample to cut a cross section, or
to make a TEM sample by sputtering away atoms from the surface. A gallium ion sputter
source is typical used. Helios 600i FIB was used in this study to prepare the STEM sample.
This instrument is a combination of the Schottky field emission scanning electron microscope
and the 30keV scanning gallium metal ion beam microscope with the current ranged from
1pA to 40nA. To protect the surface layer, electron-Pt and ion-Pt layers were deposited on
the surface before milling.
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3.6 Transmission electron microscope (TEM)
A 2010LaB6 TEM was used to study the microstructure that could not be easily observed
by SEM, such as small hydride particles, thin alumina layer, and porosity. TEM was operated
at 200kV with the optimal point resolution of 0.28nm. Select area diffraction (SAD) was
applied to determine the crystal lattice structure, and the smallest select area aperture was
200nm in this instrument.
3.7 Scanning transmission electron microscopy (STEM) /Energy
Dispersive Spectroscopy (EDS)
Scanning Transmission Electron Microscopy (STEM) combines the principles of TEM and
SEM. STEM requires a very thin sample and measures the transmitted electrons. STEM
scans a very finely focused beam of electrons across the thin specimen in a raster pattern. It
is used to study the local micro-structure and composition of material from micrometer level
down to atomic level. JEOL 2010F STEM was used in this study. It is an energy filtering,
field-emission analytic STEM with a Schottkey field emitter, and it is ideal for small probe
work at 200kV with a 0.18nm resolution. The system is capable of EDS using the Oxford
INCA 30mm ATW detector. EDS was applied to determine the chemical information.
3.8 In-house X-ray Diffraction
XRD was applied to identify the crystal lattice structure of exposure products. Panalytical
Philips Xpert MRD system No.1 was used to characterize the crystal lattice structures of
coatings and substrate. The incident beam is Cu Kα X-ray (0.15418 nm wavelength). In-
house XRD was performed with a glancing incident geometry to emphasize the diffraction
intensity from the coatings. XRD for the as-deposited coatings were performed at a glancing
angle of 2◦, and XRD for the post-HTS-exposure coatings were performed at a glancing angle
of 3◦. Typical beam size was set to 0.4× 4mm2 so that only the center of the samples was
measured to avoid any edge effect.
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Figure 3.5. Schematics of synchrontron XRD measurement in Sector 11ID-C in APS in
ANL. X-ray with the energy of 105.091 keV was used.
3.9 Synchrotron X-ray Diffraction
Sector 11ID-C beam line in Advanced Photon Source (APS) was used to study the crystal
lattice structure of the coated Zircaloy. The measurements were performed in the transmis-
sion geometry, as shown in Figure 3.5 . The energy of the X-ray was 105.091 keV (0.117418
Angstrom wavelength) with the energy resolution of 5 × 10−3. The beam size was set at
200× 200um2, and the intensity of beam was 1× 1011 photon/second. The 2D area detector
had a dimension of 40×40cm2, and the distance between samples and the area detector was
fixed at approximately 2.3 m. By this geometry, the crystal lattice planes with d-spacing
over 1.3 Angstrom were measured. Synchrotron XRD in this study were applied to study the
post-HTS-exposure substrate of the coated Zircaloy, and to characterize the crystal lattice
structure and volume fraction of intermetallic SPPs.
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3.10 Optical Microscope
Optical microscope was used to study the oxide thickness of the samples that were exposed
to 1100◦C steam environment. Carl ZEISS Inverted microscope Axio Vert.A1 was used in this
study. The microscope had a maximum magnification of x1000, and it can be operated under
the bright field mode, the dark field mode, and differential interference contrast (DIC) mode.
To measure the oxide thickness, cross section of samples were cut and polished using the
sample polishing procedure as mentioned in Section 3.1. And the microscope was operated
under DIC mode to optimize the contrast.
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CHAPTER 4
RESULTS OF HIGH TEMPERATURE STEAM
EXPOSURE
Chromium-Aluminum coatings and chromium coatings were deposited on Zircaloy-2 via
magnetron sputtering to improve the oxidation resistant in high temperature environment.
Coated Zircaloy were exposed to 700◦C and 1100◦C steam environment. Weight gain of
coated Zircaloy was compared to that of uncoated Zircaloy, and the microstructure of the
as-deposited and post-exposed coatings were characterized using different micro-analytical
techniques.
4.1 700◦C steam exposure
Chromium coating and CrAl coatings with four different compositions were exposed to
700◦C steam environment for 20 hours. Coatings with different compositions were compared
regarding the oxidation protection and the interaction with the Zr substrate. Cross sectional
microstructure was characterized using STEM and EDS. Oxide thickness was measured and
the oxidation weight gain was calculated based on the cross sectional STEM analysis. Crystal
lattice structure of exposure products were characterized using X-ray diffraction. Two CrAl
coatings (42/58 CrAl and 81/19 CrAl) representing different oxide formation were selected
for extensive study for the oxidation kinetics. These coatings were exposed for 1, 3, 10 and
20 hours, and the oxidation kinetics was quantified based on the cross sectional STEM and
EDS analysis.
The response of intermetallic second phase particles in Zircaloy was also studied in the
post-HTS-exposure CrAl coated Zircaloy. Hydrogen was generated from the oxidation of un-
coated Zircaloy edges, as shown in the sample geometry in Figure 3.3. A fraction of hydrogen
was absorbed into the Zircaloy substrate and formed Zr hydride. Hydrogen concentration
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in post-HTS-exposed 81/19 CrAl coatings was estimated by the synchrotron XRD, and the
microstructure and the crystalline lattice structure of hydride particles were characterized
using TEM and SAD. The microstructure of intermetallic SPPs in Zircaloy was character-
ized using SEM and TEM, and the volume fraction of intermetallic SPPs was estimated in
pre-exposure and post-HTS-exposure coated Zircaloy. Correlation was determined between
the hydrogen concentration and the volume fraction of intermetallic SPPs in Zircaloy.
4.1.1 XRD analysis of the as-deposited and post-HTS-exposure Cr and
CrAl coatings
X-ray diffraction was performed to characterize the crystal lattice phases of coatings and
exposure products for coated Zircaloy. Figure 4.1 shows the diffraction patterns of the as-
deposited CrAl and Cr coatings using glancing incident X-ray diffraction (GIXRD). These
include 42/58CrAl, 57/43CrAl, 67/33CrAl, 81/19CrAl and Cr coatings. Table 4.1 compares
the identified phases from the XRD results to the phases at equilibrium from the phase
diagram (see Figure 3.2). According to the phase diagram, three coatings are single phase;
Cr coating being cubic Cr, 67/33 CrAl coating being tetragonal AlCr2, and 57/43 CrAl
coating being rhombohedral Al8Cr5. Two other coatings contain a mixture of two phases.
From the XRD on the as-deposited coatings, three phases were indexed. They are cubic
Cr with the space group of Im-3m for pure Cr coating, tetragonal AlCr2 with the space
group of P4/mmm for the 67/33 CrAl coating, and rhombohedral Al8Cr5 with the space
group of R3m for the 42/58 CrAl coating. It is noted that 81/19 CrAl coating does not have
the stoichiometry of either pure Cr or AlCr2, and the diffraction peaks lie between the cubic
Cr pattern and the tetragonal AlCr2 pattern, whose major peaks are neighboring. However,
we indexed 81/19 CrAl coating as cubic Cr phase in Figure 4.1 due to a missing peak at
48◦, which corresponds to the (112) peak of tetragonal AlCr2 phase. We acknowledged that
a mixture of cubic Cr phase and tetragonal AlCr2 phase in the 81/19 CrAl coating cannot
be ruled out due to the low intensity of the AlCr2 (112) peak and the possibility of the
texture in the coating. Similarly, we indexed 57/43 CrAl coatings as tetragonal AlCr2 phase,
acknowledging that the coexistence of both the rhombohedral Al8Cr5 and the tetragonal
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Table 4.1. Comparison of XRD on the lattice structure of as-deposited CrAl and Cr
coatings to the equilibrium phases from the phase diagram
Coating Phase-diagram XRD measurement
42/58 CrAl Rhombohedral Al8Cr5 RhombohedralAl8Cr5





67/33 CrAl Tetragonal AlCr2 Tetragonal AlCr2
81/19 CrAl Tetragonal AlCr2 + Cubic Cr Tetragonal AlCr2
1 + Cubic Cr
Cr Cubic Cr Cubic Cr
AlCr2 phases cannot be ruled out. Both 81/19 CrAl and 57/43 CrAl coatings showed peak
center shift to lower diffraction angle, compared to the indexed phases. There are two
potential explanations for the peak shift: the off-stoichiometry of the coating composition
(Vegard’s Law) and strain in the as-deposited coating due to the low coating deposition
temperature[141].
Figure 4.1. Glancing incident X-ray diffraction for as-deposited CrAl and Cr coatings.
These include 42/58CrAl, 57/43CrAl, 67/33CrAl, 81/19CrAl and Cr coatings. The
GIXRD of the as-deposited coatings was performed at the glancing angle of 2◦
1The possibility of co-existence of Rhombohedral Al8Cr5 and Tetragonal AlCr2 in the as-deposited 57/43
CrAl coating, and Tetragonal AlCr2 and Cubic Cr in the as-deposited 81/19 CrAl coating cannot be ruled
out due to the low intensity of the respective peak and the possibility of the texture.
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Table 4.2. Penetration depth of Cu Kα X-ray in as-deposited Cr and CrAl coatings in











42/58 CrAl 167.4 4.242 42.4 1.38
57/43 CrAl 194.7 5.569 25.6 0.91
67/33 CrAl 210.4 5.569 25.6 0.84
81/19 CrAl 229.5 7.2 18.1 0.59
Cr 251.3 7.2 16.6 0.54
The thickness of as-deposited coatings were all 1um in Figure 4.1, but diffraction peaks
from Zr substrate were observed only for the coatings with high Al composition (42/58 CrAl
and 57/43 CrAl). This was attributed to the lower mass attenuation of Al compared to Cr
for Cu Kα X-ray; thus, the X-ray penetration depth was larger for higher Al composition
coatings. Penetration distances L of Cu Kα in the coatings were calculated using the
Equation 4.1, where µ is the mass attenuation coefficient, and Io and I are the incident and
diffracted intensity.








The linear attenuation coefficients of Cr and Al are obtained from the NIST database
[142]. The density of coatings are assumed to be the theoretical density of the coating
alloys, acknowledging that different coating density might be produced from the sputtering
process. The penetration depth was estimated assuming a geometry of 2◦ incident angle and
35◦ diffraction angle, where the α − Zr (0002) diffraction peak is. Table 4.2 summarizes
the mass attenuation coefficient and penetration depth of 95% attenuation in each coatings.
The mass attenuation coefficient for high Al composition coatings is smaller, and thus the
X-ray penetration depth is larger. Although the penetration depth in 57/43 CrAl coating
is less than 1um, weak diffraction intensity of α − Zr phase was observed from the XRD
measurement (Figure 4.1). This could be attributed to the under-estimated attenuation
percentage in the penetration depth calculation and/or the over-estimated coating density,
as coatings typically do not have 100% theoretical density.
The GIXRD results for Cr coating and CrAl coatings after 20 hour exposure to 700◦C
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Table 4.3. Oxide, coating, and intermetallic products in post-HTS-exposure coatings
measured by XRD and STEM
Coating Post-HTS-exposure
oxide coating Intermetallc phases
42/58 CrAl Al2O3
2 AlCr2 ZrAl2, Zr3Al2
2, Zr2Al, Zr6(Fe,Ni)(Al, Sn)2
57/43 CrAl Al2O3
2 AlCr2 Zr2Al, Zr6(Fe,Ni)(Al, Sn)2
67/33 CrAl Cr2O3+Al2O3
2 AlCr2 Zr(Fe, Cr)2
2, Zr6(Fe,Ni)(Al, Sn)2
81/19 CrAl Cr2O3+Al2O3
2 Cr Zr(Fe, Cr)2
2, Zr6(Fe,Ni)(Al, Sn)2
2
Cr Cr2O3 Cr Zr(Fe, Cr)2
2
HTS are shown in Figure 4.2. Diffraction peaks were indexed for coatings, Zr substrate, and
intermetallic products which developed from the coating/substrate interaction. Table 4.3
summarizes the phases identified from the XRD. In addition, some phases have small volume,
and thus not sensitive to the XRD measurement. But these phases were identified by the
STEM/EDS analysis, which will be discussed in the section 4.1.2. For summary, these phases
were also included in the Table 4.3.
Figure 4.2. Glancing incident X-ray diffraction for CrAl and Cr coatings after 700◦C steam
exposure for 20 hours. These include 42/58CrAl-20hr, 57/43CrAl-20hr, 67/33CrAl-20hr,
81/19CrAl-20hr and Cr-20hr. The GIXRD of the post-HTS-exposure coatings was
performed at the glancing angle of 3◦.
2The volume of these phases are too small to be identified by the XRD measurement. These phases were
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Strong Cr2O3 peaks were observed on both Cr and 81/19 CrAl coatings. Metallic Cr peaks
were also observed in the post-exposure patterns, which suggested that the coatings would
provide longer protection over 20 hours. No intermetallic phases from the coating/substrate
interaction was identified from the XRD, but there is some small diffraction intensity not
indexed on the post-HTS-exposure patterns. These peaks could be attributed to Zr(Cr, Fe)2
and Zr6(Fe,Ni)(Al, Sn)2, which were identified from the STEM and EDS based on the
composition.
For high Al composition coatings, especially 42/58CrAl-20hr and 57/43CrAl-20hr coat-
ings, strong peak intensity from intermetallic phases was observed. Hexagonal Zr2Al struc-
ture with the space group of P63/mmc and hexagonal Zr6(Fe,Ni)(Al, Sn)2 structure with
the space group of P-62m were indexed. The peak intensities were stronger for the coatings
with higher Al composition, which indicated that larger volume of intermetallic phases de-
veloped in the higher Al composition coatings. In addition, the hexagonal ZrAl2 structure
with the space group of P63/mmc was indexed on the 42/58CrAl-20hr coating. The inter-
metallic phase ZrAl2 has higher Al stoichiometry than the other two intermetallic phases,
and was only observed in the XRD on the coating with the highest Al composition (42/58
CrAl-20hr). Intermetallic Zr3Al2 was observed in STEM cross sectional image, but the
volume of this phase was too small to have noticeable diffraction peak in XRD.
Alumina developed on all CrAl coatings at 700◦C HTS exposure, which will be demon-
strated later in the cross sectional STEM analysis. However, diffraction peaks of alumina
were not indexed in the diffraction patterns because the volume of the alumina was too small
to have observable peak intensity.
The post-HTS-exposure coatings were indexed as the tetragonal AlCr2 (P4/mmm) for
42/58 CrAl-20hr, 57/43 CrAl-20hr, and 67/33 CrAl-20hr coatings. It is noted that the
diffracted peaks were slightly shifted to higher angles. This may result from the offstoi-
chiometric composition in the post-HTS-exposure coatings. Phase transformation of 42/58
CrAl coating occurred after HTS exposure. Aluminum transport to the surface oxide and
to the Zircaloy-2 substrate depleted Al inventory in the coating. As a consequence, the
lattice structure of 42/58 CrAl coating changed from the as-deposited rhombohedral Al8Cr5
identified by the STEM/EDS analysis based on the composition, which will be discussed in the section 4.1.2.
42
(R3m) structure to the post-HTS-exposure tetragonal AlCr2 (P4/mmm) structure. The
phase transformation was evident by the presence of the (200) peak of tetragonal AlCr2 at
64◦. (see Figure 4.2).
4.1.2 Cross sectional STEM analysis on post-HTS-exposure CrAl and Cr
coatings for 20 hours
Cross sectional (S)TEM/EDS analysis was performed on the as-deposited and post-HTS-
exposure CrAl coatings. Microstructure of as-deposited coating were shown earlier in Fig-
ure 3.4. Columnar structure of coating was observed in the cross sectional images.
Cross sectional STEM analysis of the post-HTS-exposure CrAl coated Zircaloy-2 is pre-
sented in this section. Figure 4.3 is the cross sectional STEM image of 42/58 CrAl coating
after 700◦C HTS exposure for 20 hours. A layer of alumina formed at the surface with
a thickness of 55nm. Layers of intermetallic phases developed below the coating and the
chemical composition was measured by EDS. The composition and the thickness of each
intermetallic layer are summarized in Table 4.4 for all coatings. The first intermetallic layer
to form directly below the coating had the stoichiometry of Zr(Al, Cr, Fe,Ni)2, where Al
concentration was as high as 47 at%. This layer corresponds to the hexagonal ZrAl2 phase,
as indexed in GIXRD measurement in Figure 4.2. Thus, this layer was labeled as ZrAl2 in
the STEM image. The ZrAl2 intermetallic phase had high Al stoichiometry and was only
observed in the high Al composition coating (42/58 CrAl), consistent with the XRD analysis
(see Figure 4.2). The next layer below the hexagonal ZrAl2 phase had a stoichiometry of
Zr3Al2. However, as volume of the Zr3Al2 layer was relatively small and the dominant peaks
of tetragonal Zr3Al2 overlapped with other stronger peaks, this phase did not have resolv-
able intensity in the XRD pattern in Figure 4.2. The next layer below had a stoichiometry
of Zr2Al with a hexagonal structure as indexed in the GIXRD measurement. In contrast
to the ZrAl2 phase, the concentration of Cr, Fe and Ni was negligible in both Zr3Al2 and
Zr2Al phase. Finally an intermetallic phase with the stoichiometry of Zr2(Al, Sn, Fe,Ni)
was observed between the Zr2Al layer and the Zircaloy-2 substrate. The total concentration
of Al and Sn in this layer was 22.3 at% and the total concentration of Fe and Ni was 15.4
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at%, which were approximately equivalent to two out of nine and one out of nine respec-
tively. These stoichiometries correspond to the hexagonal Zr6(Fe,Ni)(Al, Sn)2 phase as
observed in GIXRD in Figure 4.2. Furthermore, the Zr6(Fe,Ni)(Al, Sn)2 layer was the
thickest intermetallic layer, which was in agreement with its strongest XRD peak intensity
in Figure 4.2.
Figure 4.3. Cross sectional STEM image of 42/58 CrAl after 20 hour 700◦C HTS exposure.
Layers of intermetallic phases developed between the CrAl coating and the Zircaloy
matrix, and they are labeled in the STEM image. Pores developed and were confined to
the coating. Alumina formation was observed at the surface. EDS line profile is shown in
Figure 4.4
Only Small amount of Cr was observed to diffuse from coatings to Zircaloy substrate.
Table 4.4 shows only the layer of ZrAl2 in 42/58 CrAl contains a concentration of 8.9%
Cr. This is in an agreement with the low Cr diffusivity in Zircaloy[143]. From the residual
activity measurement by Pande et al., Cr diffused only approximately 400nm in Zircaloy at
700◦C[143].
Iron, Ni, and Sn were observed in the intermetallic phases that formed on coated Zircaloy-
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Table 4.4. Composition (atomic %) and thickness of intermetallic layers of
post-HTS-exposure Cr and CrAl coatings
Coatings Intermetallic phase Al Cr Fe Ni Sn Zr Thickness[nm]
42/58 CrAl
ZrAl2 46.6 8.9 4.4 6.8 – 33.3 300
Zr3Al2 41.6 – – – – 58.4 200
Zr2Al 36.6 – – – – 63.4 500
Zr6(Fe,Ni)(Al, Sn)2 22.3 – 7.9 7.3 – 62.5 750
57/43 CrAl Zr6(Fe,Ni)(Al, Sn)2 15.8 – 7.0 7.3 2.5 67.3 1400
67/33 CrAl
Zr(Cr, Fe)2 5.7 42.3 17 1.3 – 33.7 150
Zr6(Fe,Ni)(Al, Sn)2
-Sn depleted
17.1 1.5 6.5 6.5 3.3 65.1 250
Zr6(Fe,Ni)(Al, Sn)2
-Sn riched
10.2 1.6 7.1 5.6 11.7 63.8 150
81/19 CrAl
Zr(Cr, Fe)2 4.4 43.4 16.2 1.1 – 34.9 200
Zr6(Fe,Ni)(Al, Sn)2 17.6 1.4 6.3 6.4 3.8 64.5 200
Cr Zr(Cr, Fe)2 – 45.8 22.9 – – 31.3 200
2 during HTS exposure. However, these elements are not the constituents of the coatings.
Therefore, these elements must come from the Zircaloy matrix. Iron and Ni have lim-
ited solubility (∼100 wppm) in Zircaloy[144], and are primarily contained in Zircaloy-2 as
Zr2(Fe,Ni) or Zr(Fe, Cr)2 SPPs [145]. The formation of intermetallic phases involving Fe
and Ni suggests the dissolution of intermetallic SPPs during the steam exposure, which will
be discussed in the section 4.1.6.
Concentration profiles of Cr and Al within the coating were measured from the ox-
ide/coating interface to the coating/substrate interface, as labeled in Figure 4.3. Figure 4.4
shows a concentration gradient within the coating, with higher Al concentration at the ox-
ide/coating interface, and lower at the coating/substrate interface. The oxide formation and
the intermetallic phases formation consumed Al in the coatings, and greater amount of Al
diffusion to Zircaloy was calculated, which will be discussed in section 5.2. Therefore, a
concentration gradient was built up in the coating. The Al concentration dropped from 58
at% in as-deposited coating to 30 at% after 20 hour steam exposure.
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Figure 4.4. Chromium and aluminum concentration profiles within the coating of
42/58CrAl-20hr. The line scan was labeled in Figure 4.3. The amount of Al diffusion to
substrate was greater than to oxide formation. A concentration gradient was observed
within the coating, with higher Al concentration at the oxide/coating interface, and lower
concentration at the coating/substrate interface.
The thickness of the coating reduced to 600nm after the HTS exposure from the as-
deposited 1um thickness. All post-HTS-exposure CrAl and Cr coatings demonstrated porous
structures, which will also be shown later in other coatings in Figure 4.3- 4.8. For 42/58CrAl-
20hr and 57/43CrAl-20hr coatings, these pores existed either at the alumina/coating inter-
face or at the coating/intermetallic phase interface, as shown in Figure 4.3 and Figure 4.5.
The porosity at the alumina/coating interface was attributed to the outward growth of the
alumina layer and the Al needed for this growth. Outward Al diffusion from the coating
must be accompanied by a counter flow of vacancies across the alumina/coating interface
(the Kirkendall effect). Vacancies accumulated at the interface and lead to pore formation.
This also explained the pore formation at the coating/intermetallic phase interface, where
vacancy accumulation was due to the inward Al diffusion into substrate to form intermetallic
phases. Porosity in the coating was also observed in the FeCrAl-Zircaloy system after HTS
exposure[18].
Interactions between the coating and substrate were also observed in coatings with dif-
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(a) Cross section image (b) SAD of alumina
Figure 4.5. STEM cross sectional image of 57/43 CrAl coating after 20 hour 700◦C HTS
exposure (a). Pores are observed confined to the coating. A 55nm layer of alumina
developed, and it is indexed as γ −Al2O3 by SAD. The SAD pattern of γ −Al2O3 is shown
in (b).
ferent compositions. Figure 4.5 shows the cross sectional STEM image of the 57/43 CrAl
coating after 20 hour 700◦C HTS exposure. A 1.5 um thick layer of Zr6(Fe,Ni)(Al, Sn)2
intermetallic phase was observed between the coating and Zircaloy-2 substrate. The compo-
sition of this intermetallic phase was listed in Table 4.4. In addition, a much thinner 100nm
layer is observed between the coating and the Zr6(Fe,Ni)(Al, Sn)2 layer in Figure 4.5. This
layer is attributed to the intermetallic phase Zr2Al, based on GIXRD indexing in Figure 4.2.
A 55 nm thick alumina layer was observed on the 57/43 CrAl coating. Select area diffrac-
tion (SAD) was performed on the alumina layer using a 200 nm aperture to determine the
crystal structure. This pattern is shown in Figure 4.5b, and the alumina is indexed as cubic
γ − Al2O3 with a space group of Fd-3m. The presence of diffraction rings as opposed to
diffraction spots indicated a small grain size, likely of order 10 nm. The 55 nm alumina
layer with small grain size could not be effectively indexed with GIXRD (see Figure 4.2).
Although SAD analysis of alumina was only performed on the 57/43 CrAl coating, we sus-
pected γ − Al2O3 formation on the CrAl coatings with other compositions.
67/33 CrAl, 81/19 CrAl and Cr coatings have low or zero Al concentration in this study.
Cross sectional STEM images and EDS maps of 20 hour post-HTS-exposure coatings are
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shown in Figures 4.6, 4.7, and 4.8. Intermetallic phases were observed from the coating
and substrate interaction, although they are much thinner, compared to the layers devel-
oped in the higher Al composition coatings (42/58 CrAl and 57/43 CrAl in this study,
see Figures 4.3 and 4.5a). Composition and average thickness of the intermetallic layers
in 67/33 CrAl, 81/19 CrAl, and Cr coatings were also included in Table 4.4. For 67/33
CrAl coating, Zr6(Fe,Ni)(Al, Sn)2 has two different compositions, Sn-depleted and Sn-
rich. Based on the composition, both of them are Zr6(Fe,Ni)(Al, Sn)2 phase. In addition
to Zr6(Fe,Ni)(Al, Sn)2 phase, a layer with the stoichiometry of Zr(Cr, Fe,Al,Ni)2 was
observed between the coating and the Zr6(Fe,Ni)(Al, Sn)2 layer. The total concentration
of Al and Ni in Zr(Cr, Fe,Al,Ni)2 was less than 7 atomic percent, while Cr concentration is
as high as 43 atomic percent. As Al and Ni composition in this layer was low, this intermet-
alic layer was labeled as Zr(Cr, Fe)2 in Figure 4.6, 4.7, and 4.8. Mass density difference
between Zr6(Fe,Ni)(Al, Sn)2 and Zr(Cr, Fe)2 intermetallic phases was not significant and
the boundary between the layers was not evident from the mass-density contrast STEM im-
ages. Noted that Zr(Cr, Fe)2 was labeled differently to differentiate from the intermetallic
SPPs Zr(Fe, Cr)2. For the Cr coatings, only Zr(Cr, Fe)2 intermetallic phase was observed
in the cross sectional image, as shown in Figure 4.8. Aluminum was absent in the coating,
and no formation of intermetallic Zr6(Fe,Ni)(Al, Sn)2 was observed. The formation of the
Zr(Cr, Fe)2 intermetallic phase is similar to the observation of Zr(Cr, Fe)2 formation in the
FeCrAl/Zirconium system by Terrani et al.[20]. The Zr(Cr, Fe)2 intermetallic phase layer
is approximately 100nm and could not be effectively indexed with GIXRD (see Figure 4.2).
We noted that the intermetallic phase layers were thicker in higher Al composition coatings
(compares Figures 4.3 - 4.8). This is in agreement with the GIXRD results in Figure 4.2;
where stronger intermetallic peak intensity was observed for the coatings with higher Al
compositions. In addition, the formation of thin layers of intermetallic phases for Cr rich
coatings is in an agreement with low Cr diffusivity in Zircaloy[143].
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Figure 4.6. STEM cross sectional image and EDS maps of 67/33 CrAl coating after 20
hour 700◦C HTS exposure. An outer scale of Cr2O3 with inner Al2O3 formation was
observed. Intermetallic layers of Zr6(Fe,Ni)(Al, Sn)2 and Zr(Cr, Fe)2 were observed.
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Figure 4.7. STEM cross sectional image and EDS maps of 81/19 CrAl coating after 20
hour 700◦C HTS exposure. An outer scale of Cr2O3 with inner Al2O3 formation was
observed. Intermetallic layers of Zr(Cr, Fe)2 and Zr6(Fe,Ni)(Al, Sn)2 were observed.
The intermetallic phase layers are thinner than the higher Al composition coatings.
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Figure 4.8. Cross sectional STEM image and EDS maps of Cr after 20 hour 700◦C HTS
exposure. A 500nm layers of Cr2O3 was developed. Porosity was accumulated at the
oxide/coating interface. Intermetallic layers of Zr(Cr, Fe)2 are observed
Pores also developed in the Cr-rich coatings. For pure Cr coatings, these pores are ac-
cumulated at the oxide/coating interface. The porosity observation and the same coating
thickness as as-deposited coating indicated outward growth of Cr2O3. It is noted that in
post-HTS-exposed Cr coating, Cr2O3, which is shown as darker region, surrounded pores
in the mass-density contrast STEM image in Figure 4.8. We believed that steam molecules
diffused across the Cr2O3 through fissure in the oxide. These steam molecules could also
contribute to the porosity formation at the oxide/coating interface, and oxidized the coating
near the pores. This lead to Cr2O3 formation enveloping the pores. The inward diffusion of
oxidant through Cr2O3 could also lead to internal oxidation that was observed in post-HTS-
exposed 67/33 CrAl-20hr and 81/19 CrAl-20hr in Figure 4.6 and Figure 4.7. Discussion of
internal oxidation will be given in section 5.5
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Table 4.5. Oxide thickness of post-HTS-exposure Cr and CrAl coatings
Coatings Oxide Thickness of Al2O3 [nm] Thickness of Cr2O3 [nm]
42/58 CrAl Al2O3 55 0
57/43 CrAl Al2O3 55 0
67/33 CrAl Cr2O3 + Al2O3 NA 85
81/19 CrAl Cr2O3 + Al2O3 NA 340
Cr Cr2O3 0 500
Composition of the coatings has a significant effect on the oxide formation. Different oxides
developed on the coatings with different composition, and the oxide thickness is summarized
in Table 4.5. A single layer of Al2O3 was observed on the post-HTS-exposure 42/58 CrAl and
57/43 CrAl coatings. The thickness of the layers of alumina were the same for both coatings.
A duplex oxide morphology (a outer scale of Cr2O3 and inner Al2O3 formation) was observed
on the post-HTS-exposure 67/33 CrAl and 81/19 CrAl coatings. The Al2O3 layers on 81/19
CrAl and 67/33 CrAl are not uniformed, and the thickness is not quantified in Table 4.5.
The layer of Cr2O3 is thicker on 81/19 CrAl coating than on 67/33 CrAl coating; 340nm
versus 85nm. Porosity was observed within the coating and at the oxide/coating interface.
The observation of pores at the oxide/coating interface indicated the outward oxide growth.
4.1.3 Cross sectional microstructure of 42/58 CrAl and 81/19 CrAl after
HTS exposure for different exposure time
Different oxide morphologies were observed for the CrAl coatings with different compo-
sitions. Coatings with Al composition above 43 at% developed single surface Al2O3 scale,
while coatings with Al composition below 33 at% developed a outer Cr2O3 scale with inner
Al2O3 formation. To better understand the oxide formation and coating behavior at 700
◦C
steam environment, two coatings representing different oxide morphology were selected for
extensive study. 42/58 CrAl and 81/19 CrAl coatings were exposed to 700◦C steam environ-
ment for 1,3, and 10 hours, and cross sectional microstructure was characterized by STEM
and EDS.
Figure 4.9, 4.10, and 4.11 show the cross sectional microstructure of 42/58 CrAl coat-
ings that were exposed to 700◦C steam environment for 1, 3, and 10 hours respectively.
52
The vertical strips in Figure 4.11 were artifacts from ion beam milling during the sample
preparation. EDS mappings were performed on the box regions on the STEM images, and
the intermetallic phases were identified in the STEM images based on the stoichiometry of
the EDS measurement.
Multiple layers of intermetallic phases were observed in the post-HTS-exposure coated
Zircaloy. Three of the intermetallic phases were observed for all post-HTS-exposure 42/58
CrAl coatings of different exposure time, and they were Zr2Al, ZrAl2 and Zr6(Fe,Ni)(Al, Sn)2.
These three phases were also observed in the 42/58CrAl-20hr in Figure 4.3, and were indexed
in the XRD in Figure 4.2. Other intermetallic phases were only observed in certain exposure
time. A layer of ZrAl3 was only observed in 42/58CrAl-1hr in Figure 4.9, and Zr3Al2 was
observed in 42/58CrAl-3hr and 42/58CrAl-20hr.
A surface layer of Al2O3 developed at 700
◦C steam environment. Although significant
loss of Al into substrate occured for intermetallic phase formation, 42/58 CrAl coating with
the thickness of 1um provided enough Al inventory for continuous Al2O3 formation for over
20 hours. Porosity at the oxide/coating interface already developed at 1 hour exposure,
and the porosity grew larger at longer exposure. Porosity at the coating/substrate interface
was observed after steam exposure for 3 hours. A change of coating grain morphology was
observed. A columnar structure of the coating was observed for the as-deposited coating in
Figure 3.4a. CrAl coatings became equiaxed grains after 3 hour exposure, which are most
evident in Figure 4.10.
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Figure 4.9. STEM cross sectional image and EDS maps of 42/58 CrAl coating after 1 hour
700◦C HTS exposure. Layers of intermetallic phases developed between the CrAl coating
and Zircaloy matrix, and they are labeled in the STEM image. A continuous layer of
alumina was observed at the surface.
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Figure 4.10. STEM cross sectional image and EDS maps of 42/58 CrAl coating after 3
hour 700◦C HTS exposure. Layers of intermetallic phases developed between the CrAl
coating and Zircaloy matrix, and they are labeled in the STEM image. Porosity was
developed within the coating, at the oxide/coating and coating/substrate interface.
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Figure 4.11. STEM cross sectional image and EDS maps of 42/58 CrAl coating after 10
hour 700◦C HTS exposure. Layers of intermetallic phases developed between the CrAl
coating and the Zircaloy matrix are labeled in the top figure. Elemental maps from EDS
analysis (lower figures) demonstrate mass transport. Pores develop and are confined to the
coating. Alumina formation was observed at the surface
CrAl coating with the composition of 81/19 represents different oxide morphology, with
an outer Cr2O3 scale and inner Al2O3 formation. Microstructure of the post-HTS-exposure
coatings after different time exposure were characterized. Figure 4.12, 4.13, and 4.14 show
the cross sectional microstructure of 81/19 CrAl coatings that were exposed to 700◦C steam
environment for 1, 3, and 10 hours respectively.
A continuous outer scale of Cr2O3 developed at 700
◦C steam environment. Porosity
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formed inside the oxide, which are more evident at longer exposure. Inner Al2O3 formed
within the coating with the needle-like morphology, which was perpendicular to the sam-
ple surface. As-deposited coating had columnar grain structure. We believed that oxygen
diffused along grain boundaries, and formed Al2O3 along the grain boundaries, which leads
to needle-like inner Al2O3 morphology. Discussion regarding the duplex oxide formation
will be given in section 5.5 The thickness of post-HTS-exposure coatings was 1um, which
was the same as the as-deposited coating. This indicates outward growth of Cr2O3 layer
at 700◦C steam exposure. Interaction of the coating and substrate causes intermetallic
phase formation, as labeled in the STEM images. Two intermetallic phases Zr(Cr, Fe)2
and Zr6(Fe,Ni)(Al, Sn)2 were observed for all exposure times. The thickness of the inter-
metallic phases were much thinner than the Al-rich coatings, in an agreement with low Cr
diffusivity in Zircaloy[143].
The Cr2O3 formation consumed Cr from the coating, which lead to a change of the coat-
ing composition. Figure 4.15 shows the concentration profiles measured on the coating of
81/19CrAl-3hr, as labeled in Figure 4.13. Chromium and aluminum concentration as a func-
tion of distance away from the oxide/coating interface were plotted. Concentration gradient
of Cr and Al was observed in the coating, with lower Cr concentration at the oxide/coating
interface, due to the Cr consumption to the oxide formation. Aluminum concentration did
not change significantly, as compared to the as-deposited coating (19at% Al), except that
higher Al concentration was observed at the oxide/coating interface. Diffusion of coating
constituents to the Zr substrate was insignificant, and the Cr and Al profiles were flat in the
coating away from the oxide/coating interface.
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Figure 4.12. STEM cross sectional image of 81/19 CrAl coating after 1 hour 700◦C HTS
exposure. A porous layer of Cr2O3 developed on the surface. Inner Al2O3 formation was
observed, and they are aligned to perpendicular to the surface. Two intermetallic layers,
Zr(Cr, Fe)2 and Zr6(Fe,Ni)(Al, Sn)2, were observed.
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Figure 4.13. STEM cross sectional image and EDS maps of 81/19 CrAl coating after 3
hour 700◦C HTS exposure. A porous layer of Cr2O3 was observed. Inner Al2O3 formation
was observed, and they are aligned to perpendicular to the surface. Two intermetallic
layers, Zr(Cr, Fe)2 and Zr6(Fe,Ni)(Al, Sn)2, were observed. Composition line-scan was
performed in the coating, as shown in Figure 4.15.
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Figure 4.14. STEM cross sectional image and EDS maps of 81/19 CrAl coating after 10
hour 700◦C HTS exposure. A porous layer of Cr2O3 was observed, and the porosity was
near the oxide/coating interface. Two intermetallic layers, Zr(Cr, Fe)2 and
Zr6(Fe,Ni)(Al, Sn)2, were observed.
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Table 4.6. Typical composition (weight percent) of Zircaloy-2
Tin Iron Chromium Nickel Zirconium
1.5 0.15 0.10 0.05 Balance
Figure 4.15. Chromium and Aluminum concentration profile in the 81/19CrAl-3hr coating,
as shown in Figure 4.13. A outward flux of Chromium to form Cr2O3 was accompanied by
a local lower Cr composition at the oxide/coating interface.
4.1.4 Formation of intermetallic phases from coating/substrate interaction
Interaction of coating and substrate form intermetallic phases. These intermetallic phases
involves Fe and Ni, as shown earlier in the XRD and STEM analysis (see Table 4.4). Iron
and Ni are not coating elements, and they must comes from the Zircaloy substrate. A typical
composition of Zircaloy-2 is shown in Table 4.6. Zircaloy-2 contains 0.15% Fe and 0.05%
Ni. And only a small fraction of Fe and Ni dissolve in the as-fabricated Zircaloy-2. From
the APT measured by Kruger[144], the matrix solution concentration for Fe and Ni are 80
wppm and 94 wppm respectively. Majority of the Fe and Ni are contained as second phase
particles in Zircaloy-2, as Zr(Fe, Cr)2 and Zr2(Fe,Ni). The formation of intermetallic
phases first consumed Fe and Ni solution in Zircaloy matrix. A question raises regarding
whether Zircaloy matrix solution provides enough amount of Fe and Ni for the intermetallic
phases formation.
Equation 4.2 is used to calculate the amount of Fe and Ni that were contained in the
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where ρ is the density of the intermetallic phase, t is the thickness of the layer of the in-
termetallic phase, and Wf,i is the weight percent of the element, Fe or Ni in this case. As
coatings were deposited on the both sides of Zircaloy coupons, a factor of 2 represents the for-
mation of intermetallic phases on both sides. The thickness of the layers of the intermetallic
phases and the concentration of Fe and Ni are shown earlier in Table 4.4. Figure 4.16 shows
the amount of Fe and Ni in the intermetallic phases for different coatings after 20 hours
exposure. Also the amount of Fe and Ni solution in the as-fabricated Zircaloy matrix are
included in the Figure, which were calculated from the matrix solution concentration[144].
The solution inventories of Fe and Ni in Zircaloy-2 correspond to 0.53 g/cm2 and 0.62 g/cm2
respectively, as the sample thickness is 1 mm. By comparison, the amounts of Fe and Ni in
the intermetallic phases are greater than that of Fe and Ni solution in the Zircaloy matrix,
especially for the high Al composition coatings. This indicates that there is another source
to provide inventories of Fe and Ni for the formation of intermetallic phases. In this case,
this can only be the dissolution of the second phase particles.
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Figure 4.16. The amount of Fe and Ni involved in the formation of intermetallic phases for
different coated Zircaloy after 20 hours exposure. The amounts of Fe and Ni in Zircaloy
matrix for the as-fabricated Zircaloy are also included. The amount of Fe and Ni in
intermetallic phases are greater than the solute amount of Fe and Ni in as-fabricated
Zircaloy, which indicates that the dissolution of intermetallic second phase particles during
the steam exposure.
To examine the response of second phase particles, synchrotron X-ray diffraction was
used to characterize the diffraction of second phase particles. Figure 4.17a shows the full
diffraction pattern of 57/43 CrAl, 67/33 CrAl and 81/19 CrAl after 20 hours exposure,
along with the as-fabricated Zircaloy-2. And Figure 4.17b and 4.17c are the highlighted
diffraction regions for second phase particles Zr(Fe, Cr)2 and Zr2(Fe,Ni). The diffraction
intensity for the second phase particle are similar among different coatings, and they have
lower intensity than the as-received Zircaloy. Although the amount of Fe and Ni involved
in intermetallic phase formation are different for different coatings, as shown in Figure 4.16,
the response of second phase particles are the same. This indicates that the dissolution
of second phase particles occurred for different composition coatings, and the intermetallic
phase formation involving Fe and Ni are the consequence of the dissolution of intermetallic
SPPs. We believed the dissolution is attributed to hydrogen uptake from the steam oxidation,
which will be discussed later in section 4.1.5 and section 4.1.6.
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(a) Full patterns
(b) Zr(Fe,Cr)2 (c) Zr2(Fe,Ni)
Figure 4.17. Synchrotron X-ray diffraction pattern of 81/19 CrAl, 67/33 CrAl, 57/43 CrAl
after 20 hours exposure and as-fabricated Zircaloy-2. (a)Full patterns. (b)Zr(Fe, Cr)2. (c)
Zr2(Fe,Ni). Similar response of second phase particles indicates that the dissolution of
second phase particles occurs all these three coatings.
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4.1.5 Hydrogen concentration estimation
Hydride volume fraction and hydrogen concentration were estimated from the diffraction
intensity of different phases. Figure 4.18 shows the synchrotron X-ray diffraction patterns
of 81/19 CrAl coated Zircaloy after 700◦C steam exposure for up to 20 hours. Zirconium
hydride diffraction peaks were observed in the spectrum and indexed as the δ−ZrH1.66 phase
(Fm-3m). The intensity from δ-hydride increased with exposure time. Hydride volume was









Figure 4.18. Synchrotron X-ray diffraction patterns of 81/19 CrAl coated Zircaloy after
700◦C steam exposure for up to 20 hours.
where Iδ(hkl), Iα(hkl) are the integrated intensity of δ-hydride and α-Zirconium hkl peaks,
Vδ, Vα are the volume of δ-hydride and α-Zirconium phase, and Rhkl is a factor to relate the
volume of a phase to the intensity. The Zr (101) peak and hydride (220) peak were selected
for the volume calculation, as these two peaks were strong and not overlapping with other
peaks. The expression of Rhkl is given by equation 4.4 [147],
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Table 4.7. Parameters used for the factor R calculation and integrated Intensity for α-Zr
(101) peak and δ − ZrH1.66 (220) peak for 81/19CrAl-20hr.
α− Zr(101) δ − ZrH1.66
Volume of unit cell v(A3) 46.57 109.28
Structure factor |F |hkl 54.4 110.5
Multiplicity factor phkl 12 12
Diffraction angle θhkl 1.367 1.996
Factor Rhkl A
−6 28759.7 10116.1
Atomic scattering factor fZr 31.4 27.2
Atomic scattering factor fH – 0.26








where Fhkl is the structure factor for diffracting plane hkl, p is multiplicity factor, and
e−2M is the Debye-Waller factor. For simplicity, Debye-Waller factor was assumed to be
unity as the measurement was performed at room temperature. Atom positions of Zr and
hydrogen in δ-hydride and atom positions of Zr in α-Zr are available from the published
literature[148], which were used for structure factor Fhkl calculation[147]. Table 4.7 summa-
rizes the parameters that were used for the factor R calculation.
Hydrogen concentration (in wppm) can be calculated using the volume ratio of δ-hydride
and α-Zr, as shown in Equation 4.5.
CH = 10
6 1.66ρδVδ/Vα
Mδρα +MαρδVδ/Vα + 1.66ρδVδ/Vα
(4.5)
where Mα and Mδ are the atomic or molecular mass of α-Zr and δ-hydride, and ρα and ρδ
are the density of α-Zr, δ-hydride phase, and a factor of 1.66 is the atomic ratio of hydrogen
to zirconium in δ-hydride. Volume fraction of hydride can be calculated from the volume
ratio of δ-hydride phase and α-Zr phase using Equation 4.6. Hydrogen concentrations and










Table 4.8. Volume fraction of hydride and hydrogen concentration in 81/19 CrAl coated
Zircaloy after 700◦C steam exposure for up to 20 hours.






Crystallographic texture was not taken into account in the hydrogen concentration cal-
culation, as equation 4.3 and equation 4.4 are for grains with random orientations. How-
ever, justification of the hydrogen concentrations from these calculations was performed by
comparing the diffraction pattern of 81/19CrAl-20hr to Zircaloy-4 with a known hydrogen
concentration.
The synchrotron diffraction pattern of 81/19CrAl-20hr was compared to that of Zircaloy-4
with a known hydrogen concentration of 977wppm [149]. Figure 4.19 shows the normalized
diffraction patterns of 81/19CrAl-20hr and Zircaloy-4 with 977 wppm hydrogen. Both pat-
terns were normalized to their largest peaks α-Zr(101). Although the crystallographic texture
of Zircaloy-2 was not the same as Zircaloy-4, the difference was not significant, as shown in
Figure 4.19. Equation 4.3 - 4.6 were used to calculate the hydrogen concentration in Zircaloy-
4. The calculated hydrogen concentration in Zircaloy-4 was 1160wppm, 18.7% different from
the known value. Based on the justification, the calculated hydrogen concentration using
equation 4.3 - 4.6 is reasonable and can be used to estimate the hydrogen concentration for
different samples, acknowledging the associated error due to the crystallographic texture.
67
Figure 4.19. Synchrotron XRD comparison of 81/19CrAl-20hr to Zircaloy-4 with 977wppm
hydrogen[149].
4.1.6 Synchrotron X-ray diffraction and microstructure of intermetallic
second phase particles
Diffraction intensity of intermetallic second phase particles is shown in Figure 4.18. Fig-
ure 4.20a and 4.20b shows the diffraction patterns that highlight Zr2(Fe,Ni) and Zr(Fe, Cr)2.
These regions were chosen as the diffraction peaks of the intermetallic SPPs do not overlap
with stronger reflections. Pseudo-Voigt peak fitting was performed on samples up to 5 hours
exposure to quantify the integrated intensity and full width half maximum (FWHM). Fitting
was not reliable for 10 hours and 20 hours exposure, as peaks became too broad.
Fitting was performed on both (411) and (213) peaks of Zr2(Fe,Ni), as these two peaks
are overlayed, and for Zr(Fe, Cr)2 SPPs, fitting was only performed on (112) peak. Fig-
ure 4.21a and Figure 4.21b are the integrated intensity and FWHM for Zr2(Fe,Ni) and
Zr(Fe, Cr)2 SPPs for as-received Zircaloy and up to five hours exposure. Both SPPs shows
greater FWHM at longer exposure. This indicates the size of the SPP were getting smaller,
or the SPPs are in larger strain in longer exposure. The integrated intensity of Zr2(Fe,Ni)
68
dropped at longer exposure, which also indicates the decreasing volume of the crystalline par-
ticles. The intensity for Zr(Fe, Cr)2 did not change significantly up to 5 hours. However, at
longer exposure time, which means higher hydrogen concentration, the peaks for both second
phase particles became very broad. Comparing two types of particles, hydrogen appeared to
have a larger effect on the stability of Zr2(Fe,Ni) as compared to Zr(Fe, Cr)2. In addition,
peak shift was observed for Zr2(Fe,Ni) in Figure 4.20a. This indicates Zr2(Fe,Ni) SPPs
were under larger strain with higher hydrogen concentration.
Cross section SEM was applied to characterize the microstructure and to determine
SPPs size distribution and volume fraction. Cross-sectional SEM images of 81/19CrAl-
0hr, 81/19CrAl-5hr, and 81/19CrAl-20hr are shown in Figure 4.22. The SEM images were
taken at the center of the cross section of Zircaloy matrix to avoid the effect of the edges.
Figure 4.22a, 4.22c, 4.22e are low magnification images. Figure 4.22a shows the mi-
crostructure of Zr matrix of 81/19CrAl-0hr, which is the same as as-received Zircaloy-2.
Grain size of the Zircaloy-2 was 10um to 20um. Intermetallic SPPs appeared as black dots in
the low magnification image in Figure 4.22a. The hydride phase was preferentially attacked
by the chemical etching, and appeared as line-like features in Figure 4.22c. Large hydride
particles were observed to accumulate at grain boundaries at higher hydrogen concentration
in 81/19CrAl-20hr, as shown in Figure 4.22e. Hydride particles were also observed within
grains. However, the size of intragranular hydrides was small and not evident in SEM images.
Although hydrogen was generated and absorbed by the steam oxidation on the edges, the
hydride distribution was uniform throughout the bulk due to the fast diffusivity of hydrogen
in Zircaloy[150].
SPP sizes were analyzed based on the cross sectional images at the ×10,000 magnification
as shown in Figure 4.22b, 4.22d, 4.22f. Approximately two hundred SPPs were examined
in each sample. The final cross-section polishing step was 50nm silica solution, and particles
below 50nm were not characterized. The two types of SPPs were not differentiated in the size
distribution study due to the difficulty in performing chemical analysis on all particles, and
the lift out of some of the particles during mechanical polishing, as particles were exposed.
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(a) Diffraction patterns of Zr(Fe,Ni)2
(b) Diffraction patterns of Zr2(Fe,Cr)
Figure 4.20. Diffraction patterns of post-HTS-exposure 81/19 CrAl that highlight
intermetallic second phase particles. A)Zr(Fe,Ni)2, B)Zr2(Fe, Cr). Diffraction peaks
became broader and in lower intensity at longer exposure.
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(a) Zr(Fe,Ni)2 (213) peak
(b) Zr2(Fe,Cr) (112) peak
Figure 4.21. Integrated intensity and FWHM of Zr(Fe,Ni)2 (213) peak and Zr2(Fe, Cr)
(112) peak from Pseudo-Voigt fitting. A)Zr(Fe,Ni)2 (213) peak, B)Zr2(Fe, Cr) (112).
Larger FWHM is observed at longer exposure, indicating smaller particle size distribution
or larger strain in SPPs. Also decreasing intensities of Zr(Fe,Ni)2 indicates decreasing
volume of SPPs.
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(a) 81/19CrAl-0hr low magnification (b) 81/19CrAl-0hr high magnification
(c) 81/19CrAl-5hr low magnification (d) 81/19CrAl-5hr high magnification
(e) 81/19CrAl-20hr low magnification (f) 81/19CrAl-20hr high magnification
Figure 4.22. Cross section image of (A) (B) 81/19CrAl-0hr, (C) (D) 81/19CrAl-5hr, and
(E) (F) 81/19CrAl-20hr. Lower magnification images (A) (C) (E) showed grain structure
and hydride distribution for 81/19CrAl-5hr and 81/19CrAl-20hr, and some hydride
particles were labeled. High magnification images at ×10000 (B) (D) (F) were used for
particle size distribution quantification. Some intermetallic SPPs were circled.
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Table 4.9. Volume fraction and areal density of the intermetallic SPPs in 81/19 CrAl
coated Zircaloy after 700◦C steam exposure
81/19CrAl-0hr 81/19CrAl-5hr 81/19CrAl-20hr
Total Analyzed particles 261 182 205
Hydrogen concentration (wppm) 0 422 1046
Volume fraction 1.7% 1.4% 0.4%
Number density (#/um3) 1.05 1.01 0.65
Figure 4.23 shows the size distribution of intermetallic SPPs of 81/19CrAl-0hr, 81/19CrAl-
5hr, and 81/19CrAl-20hr. Figure 4.23a shows the number of analyzed SPPs versus particle
size, and Figure 4.23b shows the frequencies of the SPPs versus particles size. Particles with
a diameter of 150-200nm had the largest frequency, with particles over 650nm occasionally
observed. Similar SPPs size distribution in Zircaloy-2 had been observed in the previously
published literature[144]. As hydrogen concentration increased, the frequencies of larger
particles (> 250nm) decreased, while the frequencies of 100-200nm particles increased. This
suggested that intermetallic SPPs dissolved at high hydrogen concentrations.
To estimate the volume fraction of intermetallic SPPs, particles were assumed to be spher-
ical, with the measured radii equal to the actual radii. The volume fraction of intermetallic
SPPs was calculated by using SPPs spherical volumes, and the observation area times the
depth, which is selected as the average diameter of SPP (approximately 200nm). The depth
was selected because only particles within this depth range were exposed and could be ob-
served. The depth was also used for number density calculation. Table 4.9 shows the number
of particles examined and the calculated volume fraction and number density of intermetallic
SPPs. The SPP volume fraction decreased as hydrogen concentration increased, with the
volume fraction at 1046 wppm hydrogen only 0.4%, as compared to 1.7% for the as received
material. The original number density of SPPs in unexposed Zircaloy-2 was 1.05 particle per
micron cube; this dropped to two thirds of the original density at 1046 wppm hydrogen con-
centration. We acknowledge errors associated with the size distribution and the estimated
volume fraction using this method, and the error analysis will be given in section 5.7.
To characterize the microstructure of hydride particles, cross section of 81/19CrAl-20hr
was cut, and a TEM sample was fabricated at the center of the cross section, as shown in
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(a) Number of SPPs versus particle size
(b) Frequency of SPPs versus particle size
Figure 4.23. Size distribution of SPPs for pre-exposure and post-exposure Zircaloy based
on the SEM images. a) Number of SPPs versus particle size. b) Frequency of SPPs versus
particles size. Dominant particle sizes are within 100nm to 200nm range. At higher
hydrogen concentration, frequency of large SPPs decreased, while the frequencies of
100-200nm particles increased
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Figure 4.24. Figure 4.25a shows the microstructure of hydride and intermetallic SPPs at
the center of the 81/19CrAl-20hr sample. Hydride particles with needle-like morphology
were observed in the matrix. Most hydride were 30-40nm wide and 100-400nm long, and
they were aligned. Diffraction patterns of hydride and Zr matrix were characterized and are
shown in Figure 4.25c. The diffraction patterns were taken on the a-Zr [21̄1̄0] zone axis.
The δ-hydride (Fm3m) was identified based on the TEM diffraction pattern, which is in
agreement with the synchrotron XRD (Figure 4.25a). The δ-hydride has (0002)α ‖ (111̄) δ
and [21̄1̄0]α ‖ [011]δ orientation relationship with the Zr matrix, which was also observed by
others[23,24]. Due to the vicinity of α-Zr (0002) and δ-hydride (111̄) diffraction, and the
strong diffraction intensity of α-Zr matrix, the diffraction of δ-hydride (111̄) was not evident
in the pattern in Figure 4.25c. Two intermetallic SPPs were highlighted in Figure 4.18, and
they were identified as Zr2(Fe,Ni) based on the EDS measurement in STEM (not shown).
The size of these two intermetallic SPPs are 130nm and 170nm respectively, which are the
dominant size of intermetallic SPPs, as shown in Figure 4.23. These intermetallic SPPs were
surrounded by a dense distribution of hydride particles.
Figure 4.24. FIB lift-out location on cross section of 81/19CrAl-20hr for hydride particles
characterization. Cross section of 81/19CrAl-20hr was cut, and a TEM sample was
fabricated at the center of the cross section.
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(a) TEM image of Zr substrate
(b) Hydride and SPPs
(c) Diffraction patterns of α− Zr and
δ − hydride
Figure 4.25. Microstructure of hydride and intermetallic SPPs at the center of the
CrAl-20hr sample. A) TEM image of the Zircaloy substrate, where needle-like hydrides are
oriented along the basal plane. B) A dense distribution of hydride near two intermetallic
SPPs Zr2(Fe,Ni). C) Diffraction pattern from the α-Zr and δ-hydride, taken at the α-Zr
[21̄1̄0] zone axis. Diffraction from α-Zr are labeled in white, and δ-hydride in orange. The
δ-hydride has (0002)α ‖ (111̄) δ and [21̄1̄0]α ‖ [011]δ orientation relationship with the Zr
matrix.
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4.2 1100◦C steam exposure
Chromium and Chromium-Aluminum coatings were exposed to 1100◦C steam environment
for two hours. Coating composition and thickness were listed in Table 3.1. Weight gain of
coated Zircaloy was measured during the 1100◦C steam exposure, and cross section of post-
exposed samples were examined for oxide thickness in optical microscope. Four different
compositions coatings on Zircaloy-2 were compared with the uncoated Zircaloy-2 for the
oxidation performance. In addition, 42/58 CrAl coatings with different coating thicknesses
were also examined for the thickness effect.
Figure 4.26 shows the normalized weight gain of different coatings and the temperature
profiles. The weight gain was normalized to the total sample surface area. As shown ear-
lier in Figure 3.3, coated Zircaloy have uncoated or partial coated edges. The normalized
weight gain have been corrected for the edge effect assuming the edge had same oxidation
kinetics of uncoated Zircaloy. Steam was introduced at 300◦C during the heating, and the
temperature was hold at 1100◦C for 2 hours. A noticeable weight gain of uncoated Zircaloy
was observed at the temperature above 600◦C. A delay of weight gain was observed for the
coated Zircaloy during the temperature transient, and thicker coatings delayed the rapid ox-
idation longer. For example, a 5um 42/58 CrAl coatings delayed the rapid oxidation for 30
minutes. However, the oxidation kinetics dramatically increased after 5 minutes at 1100◦C,
and the weight gain surpassed the uncoated Zircaloy in longer exposure. We believed that
the rapid oxidation for 42/58 CrAl coatings started when the coating is consumed. On
the other hands, coatings with high Cr composition reduced the weight gain of Zircaloy at
1100◦C steam exposure, although the oxidation improvement did not meet the ATF criteria.
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Figure 4.26. Oxidation weight gain of different samples at 1100◦C steam environment.
Steam started at 300◦C during the heating. Coating with high Cr composition had lower
weight gain than uncoated Zircaloy, while coating with high Al composition had larger
weight gain
Oxide thickness was examined on the cross section of the post-HTS-exposure coated
Zircaloy using optical microscope. Figure 4.27 shows the cross sectional images of uncoated
Zircaloy, Cr-3.5 µm-1100◦C, 85/15CrAl-6.5 µm-1100◦C, 81/19CrAl-1 µm-1100◦C, 42/58CrAl-
1 µm-1100◦C, and 42/58CrAl-5 µm-1100◦C. Contrast between the ZrO2 and Zr substrate was
evident in the DIC mode. However, the contrast between the oxygen-stabilized α − Zr(O)
layer and the α − Zr was not evident. Thickness of the layer of ZrO2 were measured, and
they were compared in Figure 4.28. The numbers on the Figure 4.28 represented the ZrO2
thickness measured by the optical microscope. It is evident that regardless of the coating
thickness, the thickness of ZrO2 layer was thinner for coatings with higher Cr composi-
tion, and coatings with high Al composition lead to a thicker ZrO2 layer than the uncoated
Zircaloy. A significant amount of Al diffused into Zr matrix, which was observed at 700◦C
steam environment, as shown earlier in Figure 4.3. We believed that the Al diffusion into
Zr matrix exacerbated the oxidation.
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(a) uncoated Zircaloy (b) Cr-3.5 µm-1100◦C
(c) 85/15CrAl-6.5 µm-1100◦C. (d) 81/19CrAl-1 µm-1100◦C.
(e) 42/58CrAl-1 µm-1100◦C. (f) 42/58CrAl-5 µm-1100◦C.
Figure 4.27. Optical microscope of coated Zircaloy and uncoated Zircaloy after 1100◦C
steam exposure for 2 hours. A thinner layer of Zr oxide was developed on the coatings with
higher Cr composition. The thickness of the ZrO2 layers were shown in Figure 4.28
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Figure 4.28. ZrO2 thickness of different samples that have been exposed to 1100
◦C steam
for 2 hours. The thickness of ZrO2 layer was labeled on the figure. Coatings with higher




5.1 Oxidation weight gain of Cr and CrAl coatings at 700◦C
steam environment
Weight gain due to oxidation is an important quantity for accident tolerant coating eval-
uation. In this section, weight gain of CrAl and Cr coated Zircaloy were compared with
the uncoated Zircaloy. However, significant oxidation of Zircaloy and hydrogen ingress were
expected to occur at the uncoated edges of coated Zircaloy coupons. We therefore based
the oxidation weight gain on the cross sectional STEM analysis on the chromia and alu-
mina thickness. On the other hand, the uncoated Zircaloy-2 did not have an edge effect, and
therefore, the weight gain of uncoated Zircaloy-2 was based on the thermogravimetric weight
gain measurement during the HTS exposure. Weight gain data are shown in Figure 5.1. The
largest weight gain of coated Zircaloy-2 (0.82g/m2) was observed for the Cr coating after
20 hour HTS exposure, which corresponded to a 500nm layer of Cr2O3, as shown in Fig-
ure 4.8. 42/58 CrAl and 57/43 CrAl coatings demonstrated lowest weight gain. A 55 nm
alumina layer was observed for the 42/58 CrAl and 57/43 CrAl coatings after 20 hour HTS
exposure (see Figure 4.3 and Figure 4.5), which corresponded to a weight gain of 0.1 g/m2.
As expected, alumina provided better protection than chromia with respect to the oxidation
weight gain. For reference, a weight gain of 231 g/m2 was observed for uncoated Zircaloy-2
after 20 hour exposure to 700◦C HTS. Weight gain of 42/58 CrAl and 81/19 coatings after 10
hours exposure were also included in Figure 5.1. The reduced oxidation kinetics in prolong
exposure was demonstrated by comparing 10 hour and 20 hour exposure for both 42/58
CrAl and 81/19 CrAl coatings.
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Figure 5.1. Calculated oxidation weight gain at 700 ◦C HTS exposure for Cr and CrAl
coatings with different compositions based on cross section STEM analysis. Largest weight
gain of coated Zircaloy at 20 hour exposure was observed on the pure Cr coating, where a
500 nm layer of Cr2O3 formed. The lowest weight gain was observed on the highest Al
composition coatings (42/58 CrAl and 57/43 CrAl), with a 55 nm layer of Al2O3. Weight
gain of 42/58 CrAl and 81/19 CrAl after 10 hour exposure were included. Error bars were
included to describe the non-uniformity of oxide thickness from STEM analysis. For
reference, a weight gain of 128 g/m2 was observed for uncoated Zircaloy-2 after 10 hour
700◦C HTS exposure, and 231 g/m2 after 20 hour 700◦C HTS exposure. The weight gain
for the uncoated Zircaloy-2 was based on the TGA weight gain measurement during the
exposure
5.2 Protective elements consumption by oxide and substrate
The coatings are consumed by the formation of both oxide and intermetallic phases. The
inward diffusion of coating elements is unwanted, as it reduced the inventory of oxide-forming
elements (Al and Cr) available in the coatings. This effect will be more severe for thin
coatings. Therefore, calculation of the coatings consumption is necessary to evaluate the
coating performance. Equation 5.1 is used to estimate the consumptions of Al and Cr to






where ρi is the density of the i
th layer, ti is the thickness of the i
th layer, Wf,i is the weight
fraction of the Al or Cr in the ith layer, and W is the total weight consumption of the Al or
Cr per unit area.
The thickness and the composition of the oxide and intermetallic phases are determined
from the STEM/EDS analysis, and the densities of oxide and intermetallic phases are the
densities of index phases from XRD. The layer of Zr(Cr, Fe,Al,Ni)2 is too thin to index in
XRD, and the crystal lattice structure and therefore the density were unknown. However,
the density of Zr(Cr, Fe,Al,Ni)2 is required to calculate the amount of Cr consumption to
the intermetallic phases for post-HTS-exposure 67/33 CrAl, 81/19 CrAl, and Cr coatings. In
this case, we assumed the Zr(Cr, Fe,Al,Ni)2 intermetallic phase has the same density of the
Zr(Fe, Cr)2 SPP (7.124 g/cm
3). We believe this is reasonable given the low concentration
of Al and Ni in Zr(Cr, Fe,Al,Ni)2 and similar stoichiometry.
Figure 5.2a shows the amounts of Cr and Al that was consumed by the oxide formation
and by the intermetallic phases formation. For the Al-rich coatings, a thin layer of aluminum
oxide developed, which consumed only a small amount of Al in the coatings. However, the
formation of intermetallic phases consumed significant amount of Al in the coatings. For
example, for 42/58 CrAl coating, the amount of Al for the formation of intermetallic phases
is 12 times greater than the amount of Al for the oxide. On the other hands, for high Cr
coatings, most Cr in the coatings was consumed for the oxide formation. For example, for
pure Cr coatings, the amount of Cr consumption to the oxide is 7 times higher than the
formation of intermetallic phases.
The ratio of the total consumption can also be calculated, which is defined as the total
consumption of coatings versus the original inventory in the as-deposited coatings. This
ratio can be used to roughly predict the lifetime of the coating. Figure 5.2b shows the
consumption ratio after 20 hours exposure for different coatings. For Al-rich coatings, the
consumption of Al is significantly consumed, especially by the formation of intermetallic
phases. For example, almost 80% Al was consumed after 20 hours exposure for 42/58 CrAl
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coatings. However, for Cr coating, below 30% Cr was consumed by the steam exposure. This
suggests that 42/58 CrAl coatings would not have enough Al inventory for aluminum oxide
formation at much longer exposure, whereas Cr coating could continue developing chromium
oxide and provide protection for extensive time. Significant Al consumption to Zr substrate
was also observed in other coatings containing Al[22, 62]. A barrier layer is proposed to
retard the Al diffusion, such as TiN[22] and Mo[53, 52].
5.3 CrAl coating lattice structure and microstructural change
Post-HTS-exposure 42/58CrAl-20hr exhibited different coating lattice structure and mi-
crostructure from the as-deposited coating, 42/58CrAl-0hr. The as-deposited 42/58 CrAl
coating was indexed as the rhombohedral Al8Cr5 (R3m) structure in Figure 4.1. The alu-
mina growth and intermetallic formation consumed the Al inventory in the coating. As
a result, the coating structure transformed to the tetragonal AlCr2 structure (P4/mmm).
The transformation was evident by the presence of the (200) peak of the tetragonal AlCr2
in GIXRD (see Figure 4.2). We believed the elevated temperature associated with 700◦C
HTS facilitated the phase transformation. In addition, the microstructure of the 42/58 CrAl
changed after the HTS exposure. The as-deposited coating demonstrated columnar grains
structure (see Figure 3.4a), which was dependent on the coating deposition condition[151].
The coating morphology transformed to an equiaxed grain structure after the HTS exposure.
(see Figure 4.3) We believed that the coating structure transformation occurred to minimize
the grain boundary area, which was enhanced by the elevated temperature associated with
the HTS exposure. Furthermore, aluminum consumption lead to the film thickness reduc-
tion. The 42/58 CrAl coating thickness reduced to 600nm after 20 hour 700◦C HTS exposure
(see Figure 4.3) from the 1um as-deposited thickness (see Figure 3.4a).
5.4 Oxidation kinetics of CrAl coatings
CrAl coatings developed two different oxide morphologies, depending on the coating com-
position. Coatings with higher Al composition formed a single Al2O3 surface scale, while the
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(a) Cr and Al consumption to oxide and intermetallic phases
(b) Total Cr and Al consumption ratio after 20 hours exposure
Figure 5.2. The coating consumption to the formation of oxide and intermetallic phases
after 20 hours exposure. (a) The amount of Cr and Al consumption to the oxide and
intermetalic phases. For Al-rich coatings, coatings are significantly consumed by the oxide
formation. In contrast, for Cr-rich coatings, more coatings element are consumed to the
oxide formation. (b)The total consumption ratio of Cr and Al after 20 hours exposure.
Almost 80% Al is consumed after 20 hours exposure for 42/58 CrAl, and only 30% Cr is
consumed for pure Cr coatings.
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low Al composition coatings developed an outer Cr2O3 scale with inner Al2O3 formation.
Oxide growth kinetics was quantified on 57/43 CrAl and 81/19 CrAl coatings based on the
cross sectional analysis, as shown in section 4.1.3.
A single layer of Al2O3 developed on the 42/58 CrAl at 700
◦C steam environment.
Thickness of Al2O3 layers were measured for different exposure time, and fitting on the
Al2O3 thickness versus time was performed. Figure 5.3a shows power law fitting using
Thickness = A× timen. The error bar represents the maximum and minimum oxide thick-
ness measured on the cross sectional STEM images. The oxidation kinetics is determined as
Thickness = 25× time0.27, with the time in the unit of hour, and the thickness in the unit
of nanometer. The low value of time exponent as 0.27 indicates a slow oxidation kinetics.
Direct logarithmic fitting (Thickness = A × log(time) + B) was also performed on the
Al2O3 growth on 42/58CrAl, as shown in Figure 5.3b. The oxidation kinetics is determined
as Thickness = 26× log(time) + 21.4, with the time in the unit of hour, and the thickness
in the unit of nanometer.
Although logarithmic oxidation kinetics was observed by many systems[152, 153, 154], the
mechanism was not fully understood[155]. It is believed that the direct logarithmic kinetics
(log dX
dt





) and the later parabolic kinetics (dX/dt ∝ 1/X), where X is oxide thickness,
and t is time [156, 157]. The inverse logarithmic kinetics is attributed to the strong electric
field from the surface charges[158]. In the intermediate direct logarithmic kinetics, the space
charge effect on the ion transport becomes stronger, the combine effect of the surface charge
and the space charge leads to direct kinetics logarithmic[156]. In the parabolic kinetics,
the oxide is thick, and the electric field from the surface charge becomes negligible, whereas
space charges becomes significant. This leads to parabolic kinetics according to the Wagner’s
theory[158]. Direct logarithmic oxidation kinetics was proposed to within the oxide thickness
range between 10nm to 100nm[157]. The Al2O3 thickness of this system are within the range,
as shown in Figure 5.3b
An outer scale of Cr2O3 with inner Al2O3 formation developed on the 81/19 CrAl at
700◦C steam environment. Inner Al2O3 did not grow as a continuous layer, and it developed
as a needle-like morphology. Thickness quantification from the inner oxide precipitates was
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(a) Oxidation kinetics of 42/58 CrAl fitting in power law
(b) Oxidation kinetics of 42/58 CrAl fitting in logarithmic scale
Figure 5.3. Al2O3 growth kinetics on the 42/58 CrAl coating at 700
◦C steam environment.
Oxide thickness was quantified based on the cross sectional STEM image, and the error
bars represent maximum and minimum thickness measured on the image. Two kinetics
fitting was performed on the Al2O3 growth. a) power law fitting and b) direct logarithmic
fitting.
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therefore not reliable, and only the thickness of Cr2O3 was measured. Oxidation kinetics
using power law fitting was performed on 81/19 CrAl, as shown in Figure 5.4. The error bar
represented the maximum and minimum oxide thickness measured on the cross sectional
STEM images. Surface Cr2O3 layer became more uniform when the oxide grew thicker,
and the error bars were smaller at the longer exposure. Parabolic growth of Cr2O3 was
determined as Thickness = 77.6× time0.49
Figure 5.4. Cr2O3 growth kinetics on the 81/19 CrAl coating at 700
◦C steam environment.
Oxide thickness was quantified based on the cross sectional STEM image, and the error
bars represent maximum and minimum thickness measured on the image. Parabolic
growth of Cr2O3 was determined as Thickness = 77.6× time0.49
5.5 Composition effect to the inner oxidation of CrAl coatings
Composition of CrAl coating has significant effect on the oxide formaton. CrAl coatings
with Al composition above 43 at% developed a single surface layer of Al2O3 and the coat-
ings with Al composition below 33 at% formed a outer scale of Cr2O3 with inner Al2O3
formation. From the cross section STEM analysis, Al2O3 in Al-rich coatings (42/58 CrAl
and 57/43CrAl) and Cr2O3 in Cr-rich coatings (67/33 CrAl, 81/19 CrAl and Cr coatings)
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grew outwardly.
Inner Al2O3 formation was observed for 67/33 CrAl and 81/19 CrAl coatings, which in-
dicates oxygen penetration through the layer of Cr2O3. Inward oxygen diffusion through
grain boundary of oxide are proposed for the internal oxidation[159]. However, this mech-
anism is discounted by the observation that Cr grain boundary diffusion is faster than O
in Cr2O3[160]. Slower diffusivity of oxygen in Cr2O3 could lead to new oxide formation at
grain boundaries, or very slow internal oxidation kinetics. However, the amount of inner
Al2O3 that was observed in cross section STEM images indicates that grain boundary is not
the dominant channel for oxygen inward diffusion. There is likely other channels for oxygen
inward diffusion to cause inner Al2O3 formation.
Inward penetration of oxygen anion or steam as molecules through fissures in the oxides are
proposed, and the penetrated oxidant agents lead to inner oxide formation[159]. Although no
fissure in the oxide was observed from the STEM/EDS analysis, observation on a thin foil of
TEM sample is only on two dimension. Small pores was observed in the Cr2O3 of post-HTS-
exposed 81/19 CrAl in Figure 4.7, most evident in the Cr EDS map. Connection through
these pores in a three dimension way could provide channels for oxidant agents inward
penetration. In addition, resealing of fissure in long time exposure by the oxide formation
was proposed[159], which makes observation of fissure difficult. In fact, the penetration
of oxidant agents through the scales that appear compact have been observed by many
systems[159]. An evidence of the penetration of oxygen anion or steam molecules through
the oxide is shown in the post-HTS-exposed Cr coating STEM image in Figure 5.5; pores
developed at the oxide/coating interface, and they are surrounded by the chromium oxide,
which was also shown in EDS maps in Figure 4.8. We believed that oxygen anion or steam
molecules penetrated through fissures and oxidized coatings near pores, leading to the oxide
formation enveloping pores.
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Figure 5.5. Pores at the oxide/coating interface are surrounded by the Cr2O3 for the
post-HTS-exposure Cr coatings. We believed the steam molecules penetrated through the
oxide and oxidized coatings near pores.
Oxygen or steam at the oxide/coating interface could also diffuse along grain boundaries
in the coatings and oxidize coatings internally. A needle-like inner Al2O3 morphology was
observed for 81/19 CrAl coatings, most evident after 1 hour and 3 hours exposure in Fig-
ure 4.12 and Figure 4.13. As-deposited coatings demonstrate columnar structure. Abundant
straight grain boundaries between the columnar grains provided diffusion channels, which
facilitated oxidation at grain boundaries.
An important question arises about why Al2O3 developed as internal oxide, instead of
Cr2O3. As limited amount of steam molecules is expected to penetrate through the oxide,
the oxygen potential at the oxide/coating interface is much lower than the oxygen potential at
the gas/oxide interface. The low oxygen activity at the oxide/coatings interface preferentially
oxidized Al due to higher stability of Al2O3 over Cr2O3 [161]. In addition, surface oxide
Cr2O3 formation consumed Cr inventory in coatings, leading Al richer near the oxide/coating
interface, as shown in the composition line profile in post-HTS-exposure 81/19CrAl coating in
Figure 4.15. The low oxygen activity and locally enriched Al leads to inner Al2O3 formation.
Another important questions raises regarding how these fissures generated in the oxide,
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which provide diffusion channels for inward migration. Kofstad proposed that the deforma-
tion in the oxide from oxide growth lead to porosity and microchannel development[162, 163].
For the outward growth oxide, the metal outward diffusion consume metal inventory. The
receding metal core with oxide adhesion generates compressive stress in the oxide parallel
to the surface and tensile stress normal to the surface[162]. In addition, the new oxide
formation in the existing oxide through the counter diffusion of oxygen and metal gener-
ates additional compressive stress in the oxide. Kofstad proposed that diffusional creep
and grain boundary sliding could occur under the stress in high temperature environment,
and the micro-channels developed along grain boundaries as a result of the deformation
process[162]. In addition, the compressive stress within the oxide could lead to convoluted
oxide scale morphology. Cracking and buckling might occur in the oxide due to the stress,
which could provide fissures for oxidant agents diffusion[164]. However, this might not be
the case for CrAl coatings. As no convoluted oxide was observed from the SEM analysis.
5.6 Factors contributing to second phase particles dissolution
SPPs appear to dissolve under the high temperature steam environment, and this has
not been reported in previous literature, to our best knowledge. The mechanism that leads
to the SPPs dissolution is not clear at this stage. In this section, we present a possible
mechanism that could lead to the SPPs dissolution, and other factors that could contribute
to the dissolution.
Hydrogen concentration was correlated with volume fraction of intermetallic SPPs, and
the volume fraction of intermetallic SPPs decreased as hydrogen concentration increased
(Table 4.9). Interstitial sites within the intermetallic SPPs lattice accommodate hydro-
gen atoms[165], and the hydrogen solutes generated strain[166]. In fact, peak center of
Zr(Fe,Ni)2 shift to higher d-spacing might indicate the hydrogen solution in intermetal-
lic SPPs (Figure 4.20a). In addition, the hydride formation in Zircaloy matrix leads to
significant strain due to the volumetric dilatation[167, 168, 169]. A dense hydride distribu-
tion was observed around the intermetallic SPPs, as shown in TEM image in Figure 4.25.
The hydride formation could generate compressive strain to the intermetallic SPPs. The
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resulting strain energy from the hydrogen solution in the SPPs and the compressive stress
from the hydride formation could lead to the dissolution of intermetallic SPPs. Although
the dissolution of either type of SPPs in Zircaloy-2 was not reported (C14 Laves phase
Zr2(Fe,Ni) or C15 Laves phase Zr(Fe, Cr)2), hydrogen induced instability of many other
C15 Lave phases has been observed[170][171]. In these publications, it was determined that
hydrogen absorption in C15 lave phase AB2 could lead to decomposition of the Laves phase,
depending the temperature and hydrogen pressure[170][171]. In addition, hydrogen solution
in binary Zirconium intermetallic SPPs was studied using DFT[165]. It was suggested that
hydrogen is preferentially attracted to Zr2(Fe,Ni) over Zr(Fe, Cr)2. This could explain
why SPPs Zr2(Fe,Ni) started to dissolve before Zr(Fe, Cr)2 from the synchrotron XRD
(see Figure 4.21).
The chromium-aluminum coating on the surface of the Zircaloy coupon and Zr oxide
formation at the edges did not contribute to the SPPs dissolution in this system. Interaction
of coating and substrate was limited to the top 3um of the surface, as measured by STEM,
and Zircaloy oxidation at the edges lead to 85um thick oxide egress in 10 hours and 155um
thick oxide egress in 20 hours[47]. The SEM analysis of the SPPs was performed on the
center of the cross sectional Zircaloy matrix, which was 500um away from the coating and
at least 2mm away from the oxide on the edges. Also the synchrotron X-ray diffraction in
transmission geometry probed the full thickness of the sample, minimizing the effects of the
near coating/matrix regions. Therefore, we believed the coating and Zr oxide formation did
not contribute to the SPPs dissolution.
5.7 Error analysis on particle volume estimation
We acknowledge that volume fraction estimation of intermetallic SPPs had potential error
using 2D cross sectional SEM images. Error sources associated with the particle size distri-
bution and volume fraction are summarized in this section. The first source of error is that,
particles below 50nm were not examined, so the total SPPs volume did not include small
particles (<50nm) contribution. However, from the SPPs size distribution histogram in Fig-
ure 4.23, small particles (<50nm) have a low frequency[144], so the volume contribution
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from these small particles is expected to be small.
The second error source came from 3D particle size examination from 2D images. Particles
were assumed spherical, but the measured diameters on 2D images were not necessarily the
diameters on great circles of spherical particles. The measured diameters could be smaller
than the actual particle diameters if they were only partially exposed. However, this error is
systematic for all measured samples. Therefore, the hydrogen concentration correlation to
the volume fraction of SPPs is still valid, but the volume fraction could be under-estimated.
In addition, all SPPs were not necessarily spherical. Particles with the elliptical cross section
were observed. In this case, the diameter was selected to be 45 degree between the minor
and major axis. This error is not significant for the volume calculation.
Lastly, SPPs clusters have been observed previously[47][140]. However, SEM analysis at
×10000 magnification is not necessarily able to detect the particle clusters if the particles
sizes are small. In this work, one cluster is considered a particle, leading to error associated
with the particle size distribution, but not necessarily volume fraction. However, SPPs
clusters are not frequently observed, and we believed this error was not significant, and the




We have developed pure Cr and CrAl coatings with different compositions on Zircaloy-2
to improve oxidation resistant. Coated Zircaloy was exposed to 700◦C and 1100◦C steam
environments, and microstructure and crystalline lattice structure of the post-HTS-exposure
products were characterized using SEM, STEM, EDS, XRD, and optical microscopy. The
primary objective of this study is to characterize the microstructure evolution of coatings in
high temperature steam environment and to provide information regarding its functionality
during off-normal transients in light water reactors. Important conclusions from this study
are stated below.
i Chromium and CrAl coatings significantly reduced the oxidation weight gain at 700◦C
steam environment, and prevented Zr oxidation for over 20 hours. Coatings with
higher Al composition provided higher protection to Zircaloy, and demonstrated lower
weight gain. Coatings with over 43 at% Al concentration developed a continuous
layer of γ − Al2O3. Coatings with below 33 at% Al concentration developed a outer
Cr2O3 scale with inner Al2O3 morphology. Oxidation kinetics was quantified for two
coatings, which developed different oxide morphologies. Cr2O3 growth followed a
parabolic kinetics for 81/19 CrAl coatings. Both direct logarithmic kinetics and power
law kinetics were determined on the Al2O3 growth of the 42/58 CrAl coating with
similar confidence.
ii Internal oxidation was observed for 81/19 CrAl and 67/33 CrAl. We believed that
steam molecules diffused through fissures in Cr2O3, and caused inner Al2O3 forma-
tion. Lower oxygen activity at the oxide/coating interface and the locally higher Al
concentration lead to preferential Al2O3 formation instead of Cr2O3. Penetrated oxi-
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dant molecules could diffuse through grain boundaries of the coatings with columnar
structure. This leads to needle-like inner Al2O3 morphology.
iii Layers of intermetallic phase of coated Zircaloy developed during HTS exposure. This
is attributed to an interaction between the coatings and the Zircaloy-2 substrate.
Compositions and thickness of the intermetallic phases were characterized, and de-
pendent on the coating composition. Significant Al inward diffusion to Zr substrate
was observed for the coatings with high Al composition; thus, a greater amount of
intermetallic phases developed. For high Al concentration coatings, the formation of
ZrAl3, ZrAl2, Zr3Al2, Zr2Al, and Zr6(Fe,Ni)(Al, Sn)2 were observed. For low Al
concentration coatings, only Zr(Cr, Fe)2 and Zr6(Fe,Ni)(Al, Sn)2 were observed. A
thin layer of Zr(Cr, Fe)2 was observed in post-HTS-exposure Cr coatings. Iron and
Ni are not constituents of the coating; these elements were from the dissolution of
intermetallic second phase particles.
iv Porosity was observed in the post-HTS-exposure coatings. Porosity was confined to
the coatings, and pores were either at the interface of oxide/coating interface or at the
interface of the coating/substrate interface. For Al-rich coating, the porosity at the
alumina/coating interface was attributed to the outward growth of the alumina layer
and the Al needed for this growth. A counter flow of vacancies was accompanied by the
outward Al diffusion, and the accumulation of vacancies formed porosity. Similarly, the
inward Al diffusion to the Zr substrate lead to porosity at the coating/substrate inter-
face. For Cr rich coatings, we believed steam penetration through Cr2O3 contributed
to the porosity formation.
v Volume fraction of intermetallic SPPs decreased during 700◦C steam exposure. Hy-
drogen was generated from the oxidation of uncoated Zircaloy edges, and a fraction of
hydrogen was absorbed and formed the hydride phase in Zircaloy matrix. Hydrogen
concentration in Zircaloy was estimated from the synchrotron XRD, and the volume
fraction of intermetallic SPPs was calculated from the cross sectional SEM analysis.
Volume fraction of intermetallic SPPs was correlated with the hydrogen concentration,
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and the volume fraction of SPPs decreased as hydrogen concentration increased.
vi Coatings with higher Cr concentration lead to lower weight gain at 1100◦C steam
environment. This is in contrast to the observation at 700◦C steam environment, where
coatings with higher Al concentration lead to lower weight gain. Significant Al inward
diffusion to Zr substrate increased the oxidation kinetics of underlying substrate.
In summary, Cr and CrAl coatings were deposited on Zircaloy cladding materials to im-
prove the oxidation resistant. Oxidation behavior of different composition coatings were
characterized at 700◦C and 1100◦C steam environment. At 700◦C steam environment, coat-
ings with higher Al concentration developed a continuous layer of Al2O3, and provided better
protection than Cr coatings and CrAl coatings with low Al composition. Although delam-
ination of coating or oxide was not observed in this study, porosity was observed at the
interface of oxide and coatings. Connection of pores at the interface could lead to oxide
delamination in the longer exposure. At 1100◦C steam environment, coatings with higher
Cr concentration lead to a lower weight gain at 2 hour exposure. A delay of rapid oxida-
tion was observed for the Al-rich coatings. However, once the coatings were consumed by
the oxide formation and intermetallic phases formation, the rapid oxidation occurred. We
believed that the Al inward diffusion to Zr substrate exacerbated the oxidation at 1100◦C
steam environment. This indicates that a barrier layer is suggested to deposited between
the coating and the substrate.
To improve oxidation resistant of cladding materials at high temperature steam environ-
ment, different types of coatings on Zr-based alloys were developed by different research
groups. Although Cr coatings are selected as coatings for Zircaloy cladding now as viewed
by the nuclear industry in US and Europe, many coatings that were studied have high Al
composition, and the oxidation resistance relies on the alumina formation. To provide a bet-





We have studied the oxidation behavior of the CrAl and Cr coatings on Zircaloy, and char-
acterized the composition effect to the oxidation weight gain. The CrAl coatings with higher
Al composition has lower weight gain. However, the consumption of coating constituents
due to the formation of intermetallic phases are larger for the Al-rich coatings, as compared
to high Cr composition coatings. The consumption due to the formation of intermetallic
phases could reduce the lifetime of coatings. In addition, interaction between coating and
substrate could develop brittle intermetallic phases, and thus affect the adhesion of coatings.
To prevent the diffusion of Al to Zircaloy substrate, a barrier layer is suggested to de-
posited. A Mo layer was proved to be a good barrier to prevent diffusion of Al and Fe
to Zircaloy for FeCrAl coated Zircaloy[53]. Understanding the oxidation behavior of CrAl
coating with a Mo barrier layer is important. With a barrier layer, CrAl coatings supply
more Al and Cr inventories to the oxide formation, and extend the lifetime of the coatings in
accident scenarios. In addition, we showed that CrAl coatings with higher Al composition
leads to higher weight gain of Zircaloy at 1100◦ steam environment, which we attributed to
the Al inward diffusion. A barrier layer could prevent Al inward diffusion, and the oxidation
behavior of coated Zircaloy with barrier layers need to be characterized. Although a Mo
barrier layer prevented the Al inward diffusion to Zr substrate, Zr diffusion to the Mo layer
was observed[53]. As the solubility of Zr in Mo is about 2 atomic % at 1200◦C[172], the
formation of intermetallic phases of Zr-Mo is expected by comparing the EDS measurement
on the Mo layer and the phase diagram. Therefore, understanding of the interaction between
Zr and Mo is important. Questions need to be clarified regarding how a barrier layer affects
the adhesion of coatings by the formation of intermetallic phases, and how a barrier layer
affects the oxidation behavior at the extended exposure time and/or higher temperature
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exposure.
Another work that is important to pursue further is to study the effect of the coating
microstructure to the oxidation behavior. The microstructure of coatings have a significant
effect on the oxide formation and oxidation kinetics[173, 174].
Magnetron sputtering was applied in this study to deposit CrAl and Cr coatings. One of
the advantage of the magnetron sputtering is that the microstructure of the coatings could
be controlled by tuning the deposition parameters, such as argon pressure, substrate bias
voltage, target current, deposition temperature, and ionization of sputtering atoms.
Grain size of coatings affects the selective oxidation behavior and the oxidation kinetics[173].
Grain size determines the abundance of grain boundary, and thus could affect the effective
diffusion coefficient, depending on the lattice diffusivity, and grain boundary diffusivity. A
change of effective diffusivity of different elements in a coating could lead to different oxide
formation for same composition coatings[173]. In fact, Liu et al. observed that a single layer
of aluminum oxide was promoted on NiCrAl coatings for smaller grain size at high tem-
perature ambient environment, whereas a duplex oxide developed for larger grain coatings.
Although the microstructure of the coating may also affect the inward diffusion of coating
element to Zircaloy substrate, optimization of the coating might be achieved to form a single
layer of aluminum oxide with minimal Al loss to the Zircaloy substrate.
In addition, the ionization of sputtered atoms and the ion bombardment energy during
the sputtering deposition could also affect the microstructure of the coatings, and thus the
oxidation kinetics[174]. A DC magnetron sputtering typically deposits coatings with colum-
nar structure. Such columnar structure exhibits low coating density and weak boundary
bonding strength between grains[174]. A change of coating microstructure from columnar
grain structure to dense equiaxed grain structure can be achieved using pulsed DC or mod-
ulated pulsed power (MPP) magnetron sputtering. Comparison of CrN coatings deposited
by different sputtering technique was performed regarding the microstructure and oxida-
tion kinetics[174]. CrN coating showed dense equiaxed microstructure by MPP magnetron
sputtering, and demonstrated lower oxidation kinetics than the columnar coating structure,
which is deposited by dc magnetron sputtering. As dc magnetron sputtering was used in this
study, columnar structure of coatings was developed. Optimization of coating using MPP
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magnetron sputtering or high-power impulse magnetron sputtering (HIPIMS) are suggested
to improve the microstructure and thus the oxidation kinetics of the coatings.
Understand the relationship between the oxidation behavior and the coating microstruc-
ture is important, as an optimized coating could provide better and extended protection
to the underlying materials. To summarize, further development are required for CrAl and
Cr coatings on Zircaloy. Two future works are proposed to optimize CrAl and Cr coating
on Zircaloy regarding the oxidation behavior before the application of coatings on Zircaloy
cladding materials:
1. Apply a Mo barrier layer, and study its effect to the oxidation behavior of CrAl coatings.
2. Study the effect of the microstructure of the coating to the oxidation behavior.
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